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2Annotation
Alterations of repolarization heterogeneity in the heart have been established as an 
arrhythmogenic factor predisposing to malignant cardiac arrhythmias. The assessment of 
cardiac repolarization heterogeneity on the basis of ECG analysis is of clinical importance for 
the prognosis of arrhythmias and evaluation of antiarrhythmic therapies.
The purpose of this thesis was to find out the patterns of the development and 
electrocardiographic manifestation of the repolarization dispersion, including the parameters of 
repolarization related to the development of ventricular tachyarrhythmias in the ischemia-
reperfusion animal model.
The study was scheduled to perform both, experimental research and mathematical 
modeling. In the experiments on animal hearts in vivo, 32 to 88 unipolar electrograms were 
synchronously recorded from the ventricular myocardium at baseline state and under acute 
ischemia/reperfusion settings. The electrophysiological characteristics of repolarization 
heterogeneity in the myocardium, including parameters associated with ventricular fibrillation 
were obtained. In order to determine the manifestation of the myocardial repolarization 
parameters in conventional ECG, the mathematical model was applied.
The transmural and apicobasal repolarization gradients were found in the ventricular 
myocardium in vivo but the contribution of the transmural repolarization gradient to the Tpeak-
Tend interval was minor to that of the apicobasal one (Arteyeva et al. 2013). Under 
ischemia/reperfusion settings the global, apicobasal, and borderline dispersions of 
repolarization increased, what was associated with prolongation of the Tpeak-Tend and QTc
interval as well as the T-wave voltage differences between modified upper- and lower-chest 
precordial leads (T-wave amplitude dispersion) (Sedova et al. 2013, Sedova et al. 2015). The 
reperfusion ventricular tachyarrhythmias were independently predicted by longer repolarization 
time in the nonischemic zone reflected in the negative polarity of the terminal phase of the 
electrocardiographic T wave (Bernikova et al. 2018, in press: J Electrocardiol).
Thus, the present thesis has contributed to improvement of the diagnostic power of ECG 
methods in the prevention and treatment of malignant arrhythmias. The specific parameters of 
myocardial repolarization that could serve as predictors of ventricular tachyarrhythmias were 
determined and electrocardiographic manifestation of these parameters was suggested.
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6State of the art
Malignant ventricular arrhythmias and sudden cardiac death are the often complications of 
cardiovascular diseases and remain the major clinical problem worldwide (WHO 2017). Acute 
coronary syndrome as the prevalent form of cardiovascular pathology is associated with high 
risk of sudden cardiac death caused by ventricular tachycardia and fibrillation (Mehta et al. 
2009) because the ischemia-related electrophysiological disturbances including the increased 
heterogeneity of ventricular repolarization are considered to provide an electrophysiological 
substrate for lethal arrhythmias (Wit, Janse 2001).
The heterogeneity of repolarization is associated with arrhythmogenesis providing 
conditions for the unidirectional conduction block (Burton, Cobbe 2001). Moreover, local 
shortening and lengthening of repolarization can provide triggered activity, provoking the 
delayed and early afterdepolarization. Although the enhanced dispersion of repolarization has 
been linked to increased risk of arrhythmia, it is not an assurance of real development of 
ventricular arrhythmias (Coronel et al. 2009). The contribution of different gradients of 
repolarization to arrhythmogenesis under ischemic conditions is not clear. In vitro studies have 
demonstrated that epicardial layers were more sensitive to the ischemic insult that increased the 
transmural dispersion of repolarization (Kimura et al. 1986, Lukas et al. 1993), whereas no 
transmural differences in the ischemia effects were observed in vivo (Taggart et al. 2001,
Bernikova et al. 2011). Thus, the causes of arrhythmogenesis related to cardiac repolarization 
heterogeneity are still under investigation.
The assessment of cardiac repolarization heterogeneity on the basis of ECG analysis is of 
clinical importance as to the prognosis of arrhythmias and evaluation of antiarrhythmic 
therapies. Specifically, the ECG indices of ventricular repolarization including the QT interval, 
T wave and Tpeak-Tend durations, the T wave voltage and morphology could reflect the 
vulnerability of the ventricles to the life-threatening reentrant arrhythmias.
The dispersion of QT interval suggested as a marker for the dispersion of repolarization, 
though initially seemed promising as an arrhythmia predictor (Priori et al. 1994, Zabel et al. 
1998) has not been validated theoretically (Malik et al. 2000) or clinically (Brendorp et al. 
2001).
More recently, the Tpeak–Tend interval has been proposed as an index of repolarization 
dispersion (Yan et al. 1998, Xia et al. 2005, Smetana et al. 2011, Porthan et al. 2013). However, 
the electrophysiological basis for the Tpeak–Tend remains under discussion. Specifically, it 
7appears unsolved whether the transmural (Antzelevitch et al. 2007, Patel et al. 2009) or 
apicobasal (Xia et al. 2005, Opthof et al. 2007) and global (Opthof et al. 2009, Meijborg et al. 
2014) dispersion of repolarization contributes more to the T wave genesis and Tpeak–Tend 
duration. Furthermore, some studies did not demonstrate the significant transmural gradient of 
action potential durations in the intact heart ventricles (Voss et al. 2009) and considered 
contribution of transepicardial (i.e., apicobasal, interventricular and anteroposterior) gradients 
being superior to that of the transmural gradient to development of the total dispersion of 
repolarization, associated with the generation of the T wave (Xue et al. 2010, Vaykshnorayte et 
al. 2011, Janse et al. 2012, Meijborg et al. 2014) and the arrhythmia risk (Panikkath et al. 2011, 
Hetland et al. 2014). The findings of experimental (Guerard at al. 2014) and clinical (Pak et al. 
2004) studies consider apicobasal dispersion of repolarization as a major contributor to the 
triggering of ventricular arrhythmias, and hence more important than transmural dispersion of 
repolarization.
Thus, the expression of the dispersion of repolarization in the ECG remains unclear. In order 
to determine the meaning of the electrocardiographic repolarization indices, the measurements 
of local durations and ends of repolarization are needed to be performed simultaneously with 
the recording of body surface electrocardiograms. The changes of myocardial repolarization 
parameters can be obtained by the use of experimental models of cardiovascular diseases such 
as the acute coronary syndrome. On the part of clinical importance, experimental animal models 
of cardiovascular diseases are thought to be essential tools for finding new diagnostic 
approaches and therapeutic strategies (Tsang et al 2016). Thus, local myocardial 
ischemia/reperfusion due to the transient ligation of left descending coronary artery was applied
in this study as the main approach (provocative maneuver) to change the repolarization 
parameters in ventricles.
8Objective and issues of the study
The objective of the study was to determine the patterns of the development and 
electrocardiographic manifestation of the repolarization dispersion, including parameters of
repolarization related to the initiation and maintenance of life-threatening arrhythmias in the 
ischemia-reperfusion experimental model.
On the basis of the fundamental knowledge of electrophysiological characteristics of the 
heart associated with arrhythmogenesis, to suggest a reliable marker for prediction of 
ventricular arrhythmias contributing to improvement of ECG diagnostic methods (extension of 
the diagnostic base of medical device).
This objective was divided into four specific issues:
1. to determine the repolarization gradients in heart ventricles (transmural, apicobasal
ect.) in the baseline state and their changes during ischemia/reperfusion settings,
2. to investigate the ability of ECG indices (QT, Tpeak-Tend, T amplitude) to reflect 
myocardial repolarization heterogeneity,
3. to describe the myocardial repolarization parameters associated with the ventricular 
tachycardia/ventricular fibrillation,
4. to determinate the expression of the myocardial repolarization parameters involved 
in prediction of ventricular arrhythmias in the ECG indices.
The study/thesis is designed to answer the following questions:
- Is the dispersion of repolarization reflected in the above mentioned ECG indices?
- Does (what parameters of) the dispersion of repolarization influence the risk of 
arrhythmia?
- Could ECG indices of repolarization be used in prediction of ventricular 
arrhythmias?
9Methods
The experimental studies were performed in adult animals (mongrel cats, chinchilla rabbits) 
of either sex in accordance with the Guide for the Care and Use of Laboratory Animals, 8th 
Edition published by the National Academies Press (US) 2011. All animal experiments were 
conducted in the laboratory of our partner - Laboratory of Cardiac Physiology of the Institute 
of Physiology (Syktyvkar, Russia) and the experimental protocol was approved by the local 
institutional ethical committee.
In situ experimental setup
Animals were anesthetized with a combination of tiletamin/zolazepame (ZOLETIL® 100, 
Virbac S.A., Carros, France, 15 mg/kg, i.m.), and xilasin (XYLA, Interchemie, Castenray, 
Netherlands, 1 mg/kg, i.m.). The animals were intubated and ventilated artificially. The arterial 
blood gases and pH were monitored periodically and, when necessary, were corrected by 
adjusting respiratory frequency. The arterial blood pressure was monitored and measured with 
the Prucka Mac-Lab 2000 system (GE Medical Systems, Germany) in the course of experiments 
by a catheter (internal diameter 0.6 mm) inserted into aorta via the left carotid artery and 
attached to the pressure transducer SP844 (50 V·V–1·(cm Hg)–1; MEMSCAP, France). The 
heart was exposed via midline sternotomy. To prevent cooling, the surface of the heart was 
moistened intermittently with warm saline.
Electrophysiological recordings
The custom-made electrodes were used to simultaneously record 32 to 88 unipolar 
electrograms from epicardial, midmyocardial, and endocardial layers in spontaneously beating 
hearts (Arteyeva et al. 2013, Sedova et al. 2013). Myocardial unipolar electrograms measured
relatively to the Wilson’s central terminal along with electrocardiograms from limb and 
precordial leads were recorded by a custom-designed 144-channel computerized mapping 
system with a bandwidth of 0.05–1,000 Hz at a sampling rate of 4,000 Hz.
In each myocardial lead, the activation time (AT) and the repolarization time (RT) were 
determined as dV/dtmin during the QRS complex and dV/dtmax during the T wave, respectively 
(Coronel et al, 2006). AT and RT were measured relatively to the QRS onset in the limb lead I. 
The values were determined automatically and corrected manually if necessary. The activation-
recovery interval (ARI) serving as a measure of local repolarization duration was calculated as 
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difference between the RT and AT. ARIs were corrected for the heart rate using the Basset’s 
formula. The total dispersion of repolarization, obtained for either ARIs or RTs, was determined 
as the difference between the maximal and minimal value from all myocardial leads. The 
transmural, apicobasal, interventricular repolarization gradients were quantified as differences 
in the ARIs (RTs) between the appropriate ventricular regions. Under the settings of myocardial 
ischemia/reperfusion, the borderline repolarization gradient was assessed as the difference 
between the averages of ARIs (RTs) of the ischemic and nonischemic regions.
Stainless steel needle electrodes were inserted subcutaneously to record ECGs in the 
standard bipolar limb leads and six modified precordial leads (J1-J6). Taking into account the 
further midsternal access to the heart, leads J1-J3 were shifted from the usual level upwards to 
the jugular notch and leads J4-J6 downwards to the inferior costal margin. The positions of J2 
and J5 were on the midline, J1 and J6 on the right anterior axillary line, and J3 and J4 on the 
left anterior axillary line (Sedova et al. 2015). A shortening of action potentials in the ventricles
apex due to occlusion of the left descending coronary artery was expected to result in an 
increase of the apicobasal difference in action potential durations. These changes were expected 
to be documented by the recording of ECGs in the modified precordial leads system with the 
leads J1-J3 reflecting potentials of the ventricular base and the leads J4-J6 reflecting potentials 
of the ventricular apex.
The QRS, QT and Tpeak-Tend intervals were measured in the ECG limb lead II and the QT 
interval was corrected to the heart rate by the formula QTc=QT-0,175*(RR-300) (Carlsson et 
al. 1993). The T wave amplitudes were measured in the modified precordial leads. Two 
averaged values were calculated for the “basal” (J1-J3) and “apical” (J4-J6) leads, respectively, 
and the difference between these values (“apical” minus “basal”) was defined as the 
longitudinal T wave amplitude dispersion.
Ischemia-reperfusion modeling
In order to induce acute local myocardial ischemia/reperfusion settings, the transient ligation 
with polycaproamide ligature (3-0) was performed in the left anterior descending coronary 
artery. The exposure of 30 minute coronary occlusion was followed by 30 minutes of 
reperfusion produced by the loosening of the ligature.
The elevation of the ST segment in the recorded epicardial electrograms served as the 
evidence of acute ischemia. After the experiment, 1.5 ml of 0.5% Evans blue dye (Sigma-
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Aldrich GmbH, Germany) was injected via the carotid artery catheter. The leads in the non-
contrasted zone coincided with the leads, where the elevation of the ST segment was observed 
during coronary occlusion. The perfused regions were designated as a nonischemic zone. The 
measure of ischemic (noncontrasted) zone in each animal was performed after experiment with 
the calibrated paper. The area adjacent to the ischemic zone which was identified as perfused 
region by Evans blue staining (in other words, being nonischemic), but still demonstrated 
electrophysiological changes was referred to as a “border” zone (Sedova et al. 2013).
Statistics
All the data are presented as medians and interquartile intervals. Statistical examination was
performed with The Primer of Biostatistics 4.01 (McGraw Hill 1998) and SPSS 11.5 using the 
Wilcoxon test for paired comparisons and the Mann-Whitney test to compare two groups of 
animals. The Fridman test was applied for multiple comparisons followed by the Newman–
Keuls or Dunnet tests when appropriate. The differences were considered significant at p<0.05. 
Multiple regression analysis was used to determine which of independent variables (e.g., 
different dispersions of repolarization) were significantly associated with the dependent 
variable (e.g., arrhythmia occurrence).
Simulations
Computer simulations were performed in cooperation with N. Arteyeva, Ph.D. (Department 
of Cardiac Physiology, Institute of Physiology, Komi Science Center, Ural Branch, Russian 
Academy of Sciences, Syktyvkar, Russia). Simulations were carried out in the framework of a 
discrete computer model of the heart ventricles, the so-called cellular automaton, adopted to the 
feline/rabbit heart ventricular and torso geometry. The model was developed using the 
experimentally measured anatomical and electrophysiological parameters of the rabbit/feline 
heart. The inputs of the models were (1) locations of activation foci, (2) activation velocity, (3) 
amplitude and (4) duration of action potentials (AP). The outputs of the model were the (1) AT 
sequence, (3) RT sequence and (3) body surface ECGs (Arteyeva et al, 2013, Bernikova et al, 
2017).
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Results
Myocardial repolarization heterogeneity and Tpeak-Tend interval
Experimental measurements of myocardial electrical potentials were performed to 
demonstrated significant transmural and apicobasal heterogeneity in ARIs and RTs in the intact 
rabbit heart. The epicardial local repolarization durations in the left ventricle were shorter than 
in the right ventricle (p<0.05). In the left ventricle, the ARIs at the base and in the free wall 
were longer than at the apex (p<0.05). The values of the end of repolarization corresponded to 
the distribution of ARIs and were shorter at the left ventricular apex than at the right ventricular 
base (p<0.05). Statistically significant (p<0.05) transmural gradient of ARIs was found in the 
apical part of the left ventricle and in the apical part of the interventricular septum. In the basal 
portion of the left ventricle and interventricular septum, as well as in the apical and basal portion 
of the right ventricle, the transmural gradient was not statistically significant. The transmural 
profiles of the end of repolarization times were uniform in the studied myocardial regions. 
There were no statistically significant transmural differences between repolarization times in 
all areas of the myocardium.
Using a mathematical model of the rabbit heart, the correlation between the repolarization
gradients (transmural, apicobasal, interventricular) in ventricles and the Tpeak-Tend interval
was investigated. The close proximity of Tpeak and Tend instants to the earliest and the latest 
global ventricular RT was found and values of global dispersion of repolarization and duration 
of the Tpeak-Tend interval were therefore similar. The global dispersion of repolarization 
resulted from the apicobasal and transmural repolarization gradients as well as from the 
difference between apical and basal ATs.
In conclusion, the presence of the transmural difference in repolarization durations in the 
apical portion of the ventricular myocardium in conjunction with the apicobasal and 
interventricular repolarization gradients were found in the intact rabbit heart. The simulations 
showed that the Tpeak-Tend interval reflected the global dispersion of repolarization (for more 
details, see Arteyeva et al. 2013).
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Abstract Background: It is unclear whether the Tpeak-Tend interval is an index of the transmural or the total
dispersion of repolarization.
Methods:We examined the Tpeak-Tend interval using a computer model of the rabbit heart ventricles
based on experimentally measured transmural, apicobasal, and interventricular gradients of action
potential duration.
Results: Experimentally measured activation-recovery intervals increased from apex to base, from
the left ventricle to the right ventricle, and in the apical portion of the left ventricle from epicardium
to endocardium and from the right side of septum to the left side. The simulated Tpeak corresponded
to the earliest end of repolarization, whereas the Tend corresponded to the latest end of repolarization.
The different components of the global repolarization dispersion were discerned by simulation.
Conclusions: The Tpeak-Tend interval corresponds to the global dispersion of repolarization with
distinct contributions of the apicobasal and transmural action potential duration gradients and
apicobasal difference in activation times.
© 2013 Elsevier Inc. All rights reserved.
Keywords: APD gradient; ARI dispersion of repolarization; Repolarization; Simulation; Total dispersion; Tpeak-Tend;
Transmural dispersion
Introduction
A mechanism for the genesis and the utility of the Tpeak-
Tend interval still remains a matter of controversy.
1–4
Although it is generally recognized that the Tpeak-Tend
interval could hardly be exclusively attributed to the sole
repolarization gradient, there are 2 viewpoints concerning
Tpeak-Tend interval genesis based on different sets of experi-
mental data.
The first set of measurements performed in isolated pre-
parations revealed an apparent transmural action potential
duration (APD) gradient in the heart ventricles producing the
voltage gradient responsible for the T-wave inscription on
pseudoelectrocardiogram (pseudo-ECG).5 It was assumed
that although the apicobasal gradient also may make a
contribution, the transmural voltage gradient plays a predo-
minant role in the genesis of the T wave. Consequently, the
Tpeak-Tend interval in precordial ECGs was suggested to
provide an index of transmural dispersion of repolarization
with full repolarization of the epicardium to coincide with
the peak of the T wave and that of the M cells to coincide
with the end of the T wave.5
On the other hand, no clinically significant transmural
APD gradients were observed in situ6,7; or at least its con-
tribution to the T-wave genesis was negligible.8 Accordingly,
the alternative viewpoint speculates that the Tpeak-Tend
duration depends on the global dispersion of repolarization,9
basically on the apicobasal repolarization gradient. It was also
shown that both the epicardium and endocardium of the 2
ventricles contribute significantly to the total dispersion of
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repolarization.10 Thus, the interventricular APD gradient, in
addition to the apicobasal and transmural gradients, also con-
tributed to the development of the T wave.
The experimental studies suggest a correlation between
the duration of the Tpeak-Tend interval on ECG and the value
of transmural, apicobasal, interventricular, or total dispersion
of repolarization measured from a set of ventricular elec-
trodes. The greater the number of leads is used, the more
accurate relationship obtained would be. However, there are
numerous technical and methodological issues limiting the
increase of recording sites. As a result, wide ventricular areas
remain a "blank spot," thereby impeding the enhancement of
the study quality. The ambiguity with the exact determina-
tion of the Tpeak-Tend interval duration adds to the complexity
of the experimental investigation.
The aim of the present work was to determine the corre-
lation between the different components of dispersion of
repolarization in the heart ventricles and the peak and the
end of the T wave by means of a mathematical model of the
rabbit heart ventricles, including 3 realistic repolarization
gradients, namely, transmural, apicobasal, and interventri-
cular gradients.
Materials and methods
Experimental preparation
Experimental measurements of activation-recovery in-
tervals (ARIs) were done to obtain realistic APD gradients
for the rabbit heart. The investigation conforms to the Guide
for the Care and Use of Laboratory Animals, Eighth Edition,
published by the National Academies Press (US; 2011). Ten
adult rabbits of both sexes were anesthetized with a Zoletil
(Virbac S.A., France)-xylazine (Interchemie werken "De
Adelaar" BV, The Netherlands) combination (15 and 1 mg/
kg [intramuscular], respectively) and ventilated artificially.
The heart was exposed through a midsternal thoracotomy.
The arterial blood gases and pH, limb lead ECGs, and arterial
blood pressure were monitored throughout the experiment.
To prevent cooling, the surface of the heart was moistened
continuously with warm saline (38 °C).
For the recording of epicardial ventricular potentials, a sock
with 64 electrodes was used with an interelectrode spacing of
approximately 5 mm. To obtain the transmural profile of
repolarization durations, 2 custom-made flexible plunge
electrodes were inserted into the apical and basal thirds of
the ventricles. The plunge electrodes were drawn perpendic-
ularly through the right ventricular (RV) free wall, RV cavity,
interventricular septum, left ventricular (LV) cavity, and LV
free wall (Fig. 1). The outermost RV electrode was fixed at the
RV epicardial surface with a knot made on the ligature just
adjacent to the lead site to ensure that the electrode position
remained in place. Each flexible plunge electrode had 16 lead
terminals fixed on the 0.8-mm nylon ligature with 1-mm
interelectrode spacing within the myocardial wall thickness.
Two separate sets of 64 unipolar epicardial and 32 intra-
mural electrograms were recorded in reference to the Wilson
central terminal in spontaneously beating hearts by means
of a custom-designed system (16 bits; bandwidth, 0.05-
1000 Hz; sampling rate, 4000 Hz). Potentials were first
obtained from the epicardial sock. Afterward, the sock was
removed; and the plunge electrodes were immediately in-
serted. After plunge electrode placement, the heart was
allowed to stabilize for 30 minutes before recording of
electrograms. Subsequently, the electric signals from the
cavities and outside the heart were discarded. This was done
by the electrophysiological analysis and careful postmortem
inspection of lead positions.
In each lead, the activation time (AT), the end of re-
polarization time (RT), and ARI were determined as the
minimum of the first time derivative during the QRS com-
plex, the maximum time derivative during the ST-T
complex, and the time difference between the former and
the latter, respectively.11 The values were determined
automatically and corrected manually if necessary. For
each parameter—AT, ARI, and RT—the data obtained from
the adjacent leads of the epicardial sock were clustered and
averaged to give 1 apical, 1 lateral (middle portion), and 1
basal value for the LV and 1 lateral (apical portion) and 1
basal value for the RV. Statistical examination was per-
formed using statistical packages Primer of Biostatistics
4.01 (McGraw Hill, 1998) using the Wilcoxon test for paired
comparisons and Friedman test followed by the Newman-
Keuls test for multiple comparisons. The differences were
considered significant at Pb .05. Descriptive statistical data
are given as median (25th percentile-75th percentile).
Simulations
Simulations were carried out in the framework of a
discrete computer model of the heart ventricles, the so-called
Fig. 1. Schematic presentation of the plunge electrodes placed in the basal
and apical portions of the ventricles.
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cellular automaton. The model was a hexagonal pattern
consisting of≈100,000 cells with intercellular space of
0.25 mm. The details of model construction and modeling
activation were described earlier.12 In the present study, the
model was adapted to the rabbit heart ventricular and torso
geometry. The input of the model was (1) the location of
activation foci and (2) the morphology of action potentials
and the distribution of APD throughout the ventricles. The
output of the model was the (1) activation sequence, (2) end
of repolarization sequence, and (3) body surface ECGs. The
initial foci of activation in the model were set in the inter-
ventricular septum, on the border of its middle and lower
portions, and in the subendocardium of the LV apex. In the
subendocardial layers of the model, the activation velocity
was thrice higher than in the rest of the model, imitating the
conduction system.
Action potentials of simplified morphology were pro-
portionally lengthened or shortened depending on the
duration values (Fig. 2). The distribution of APDs in the
model was calculated on the basis of APD values in
the nodal points (Fig. 3). The nodal points were the epi- and
endocardial model cells with the assigned AT and APD
values. The settings were done in a manner ensuring the
correspondence of the assigned values to the representa-
tive experimental measurements. The APDs for the nodal
points where no measurements were performed were
determined by the linear interpolation on the basis of the
known values. The RT value for a nodal point was calcu-
lated as the sum of the assigned AT and APD. The distri-
bution of the nodal points in the model allowed for the
simulations of transmural, apicobasal, left-to-right, or
posterior-anterior APD gradients.
The body surface potentials were calculated as:
V obs ¼ −K 
XN
i¼1
Gradi R=R3;
where Vobs is the potential value in the observation point,
located on the body surface; K is the volume conductor
property factor; R is the vector, directed from the ith model
cell into the observation point; Gradi is the gradient of the
action potential value in the ith model cell; and N is the total
number of model cells.
The value of Gradi in each time moment was calcu-
lated as:
Gradi ¼
X12
k¼1
Rk  pi−pkð Þ;
where Rk is the vector, directed from the ith model cell to
1 of 12 neighboring model cells; pi is the potential value
in the ith model cell; pk is the potential value in one of 12
neighboring model cells in the given time moment;
potential values in each model cell varied in the range of
100 mV according to the given AP morphology. Besides,
the resultant repolarization vector was calculated as a sum
of action potential gradients in all model cells.
The ECGs were calculated taking into account the
realistic geometry of the torso and heart of the rabbit. The
anatomical axis of the heart ventricles was oriented 30°
ventrally and to the left from the vertical axis. The peak of
the simulated T wave was defined as the maximal potential
value, and the end of the simulated T wave was defined as
the last nonzero potential value.
Results
Experimental data
The data on the epicardial activation and end of re-
polarization sequences corresponded to those previously
reported by our group.13,14 Briefly, the animals were in sinus
rhythm on ECG with a heart rate of 248 (226; 293) beats per
minute. The activation wave broke through on the epicar-
dium in the apical thirds of the LV and RV, traveling to the
rest of ventricles and finally to the base.
The experimentally measured ARI and RT values are
listed in Tables 1 and 2. The end of repolarization sequence
proceeded from the LV apex to the RV base. The epicardial
distributions of repolarization durations were similar in the
present and previous studies, with the ARIs (surrogate for
APDs) increasing from the apex to the base and from the LV
to the RV, although the durations of ARIs were shorter in the
present study as compared with the above cited investiga-
tions, presumably because of the use of sodium thiopental as
an anesthetic agent in the previous study.
Specifically, on the ventricular surface (Table 1),ARIswere
the shortest at the LV apex (as comparedwith the other 4 areas;
Pb .05) and the longest at the RV base and lateral surface (as
compared to 3 LV areas; Pb .05). In the LV, ARIs were longer
on the base and free wall than on the apex (Pb .05). The RT
distribution demonstrated regional differences similar to the
ARI differences (Table 1). The ARIs tended to be shorter on
the epicardium than on the endocardium and shorter on the
right side of the interventricular septum than on the left side,
with the statistically significant (Pb .05) transmural—includ-
ing transseptal—ARI gradients being observed in the apical
portion of the ventricular myocardium (Table 2).
Simulations
On the basis of the measured activation and repolariza-
tion variables in the representative experiment, further
Fig. 2. The simplified action potential morphology used in the model. Action
potentials were proportionally lengthened or shortened depending on the
duration value.
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simulations were developed. The values set for the nodal
points of the model are listed in Table 3.
Activation sequence
The simulated activation sequence (Fig. 4A) corre-
sponded to our experimental data. Activation spreads from
the apex to the base of the ventricles and from endo- to
epicardium. The interventricular septum activates from the
left to the right. The last areas to be activated were the
subepicardium of the RV base and the subendocardium of
the right side of the septal base.
APD distribution
The APD distribution (Fig. 4B) was simulated on the basis
of the measured ARIs in the nodal points (Table 3). The
transmural APD gradients varied slightly along the apicoba-
sal axis and were eventually set at 8 to 12 milliseconds for the
RV, 10 to 15 milliseconds for the LV, and 11 to 13 milli-
seconds for the interventricular septum, with the APD values
on the left side of the septum being longer than those on the
right one. According to the measured data, the apicobasal
APD gradient was set nearly twice as large, notably, at 24
milliseconds for the LV epicardium, 29 milliseconds for the
RV epicardium and LV free wall endocardium, and 31
milliseconds for the RV free wall endocardium. Interven-
tricular (left-to-right) APD gradient was 5 to 10 milliseconds,
and it was no anterior-posterior APD gradient. As noM-cell–
like behavior was observed in the experiments, the transmural
APD profiles in the model were linear with the progressive
APD increase from the epicardium to the endocardium.
Repolarization sequence and ECGs
The dominating direction of repolarization sequence in
the model (Fig. 4C) was from the apex to the base of the
ventricles and from the epi- to the endocardium according to
the measured data. The earliest repolarization in the model
occurred on the epicardium of the apex (150 milliseconds)
corresponding to the Tpeak in the aVF lead. The Tpeak was 3
milliseconds earlier in V1 and 4 milliseconds later in V6 as
compared to aVF, respectively. The Tpeak in aVF corre-
sponded to the moment of the maximal magnitude of the
resultant repolarization vector (Fig. 5). The latest repolari-
zation occurred on the endocardium of the RV base (208
milliseconds) corresponding to the Tend on all ECGs. Thus,
the Tpeak-Tend interval (58 milliseconds) exactly coincided
with the total dispersion of repolarization.
Mathematical formulation
In the case of normal activation sequence (when the apex
is depolarized earlier than the base) and normal repolariza-
tion sequence (from the apex to the base and from the
epicardium to the endocardium as was demonstrated in the
experimental measurements), let the epicardial point 1 be
the region of the earliest repolarization, the point 2 be the
region of the latest repolarization, and the point 3 be the
closest epicardial place to the point 2 (Fig. 6). Fig. 6 displays
Fig. 3. The location of the nodal points for the simulation of the APD distribution. For detailed description, see Table 1.
Table 1
The experimentally measured ARIs and RTs on the rabbit ventricular epicardium.
RV base LV base RV lateral LV lateral LV apex
ARI, ms 117⁎†‡ (105-120) 99⁎ (90-103) 118⁎†‡ (105-127) 95⁎ (91-100) 87 (81-92)
RT, ms 127⁎†‡ (117-140) 105⁎ (99-109) 122⁎†‡ (116-135) 97 (90-103) 93 (86-100)
The data are presented as median (25%-75%).
⁎ Pb .05 vs the LV apex.
† Pb .05 vs the LV lateral.
‡ Pb .05 vs the LV base.
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2 possible cases when the latest repolarization occurred in
the RV free wall (as it was observed in our experiment) or in
the posterolateral area of the LV.
Then
T end−Tpeak ¼ RT2−RT1;where
RT1 and RT2 are the end of repolarization times at the points
1 and 2, respectively.
As
RT ¼ ATþ APD;
Then
T end−Tpeak ¼ AT2 þ APD2ð Þ− AT1 þ APD1ð Þ;where
AT1 and APD1 are the AT and APD at the point 1,
respectively, and AT2 and APD2 are the AT and APD at the
point 2, respectively.
This expression can be rewritten as
T end−Tpeak ¼ AT2−AT1ð Þ þ APD2−APD1ð Þ
or
T end−Tpeak ¼ ΔATþ APD2−APD1ð Þ;where
ΔAT is the difference in ATs between the regions of the
earliest and the latest repolarization.
On the other hand,
APD2 ¼ APD3 þ TMG; and APD3 ¼ APD1 þ ABG;where
TMG is the transmural APD gradient and ABG is the
apicobasal (epicardial) APD gradient.
Hence,
T end−T peak ¼ ΔATþ APD1 þ ABGþ TMG−APD1ð Þ;
or
T end−T peak ¼ ΔATþ ABG þ TMG ð1Þ
Thus, we demonstrated that the duration of the Tpeak-Tend
interval is a sum of 3 components, that is, the transmural
APD gradient, the apicobasal (epicardial) APD gradient,
and the difference in ATs between the apex and the base of
the ventricles.
For the representative values listed in Table 4, the differ-
ence in ATs between the regions of the earliest and the latest
repolarization is 19 milliseconds (27−8 milliseconds). The
epicardial apicobasal APD gradient is equal to 29 millisec-
onds (179−150 milliseconds). The transmural APD gradient
in the base of the RV free wall is 12 milliseconds (Table 1).
Table 2
The experimentally measured transmural gradients of the ARIs and RTs in the rabbit ventricular free walls and the interventricular septum.
RV free wall Septum LV free wall
Epi Endo RV endo LV endo Endo Epi
ARI Base 112 (89-130) 113 (92-134) 109 (86-118) 112 (109-116) 118 (106-129) 114 (100-124)
Apex 111 (82-126) 116 (94-121) 112⁎ (107-121) 122 (111-140) 132 (110-137) 111⁎ (102-129)
RT Base 114 (83-139) 114 (103-134) 120 (97-140) 119 (115-129) 132 (116-150) 133 (119-143)
Apex 119 (97-134) 124 (116-133) 121 (117-129) 131 (118-141) 131 (120-146) 134 (117-145)
The data are presented as median (25%-75%). Endo indicates endocardium; Epi, epicardium.
⁎ Pb .05 vs opposite LV endo.
Table 3
The settings of the ATs, APDs, and RTs for the nodal points of the model on the basis of the measured values in the representative experiment.
Nodal point Description AT, ms APD, ms RT, ms
RV base Epicardium of the RV free wall base 28 170 198
RV lateral Epicardium of the RV lateral free wall 20 161 181
LV base Epicardium of the LV free wall base 29 165 194
LV lateral Epicardium of the LV lateral free wall 22 151 173
LV apex Epicardium of the LV apex 11 142 153
Posterior 1 Epicardium of the posterior middle of the ventricles 22 156 178
Posterior 2 Epicardium of the posterior base of the ventricles 27 167 194
Anterior 1 Epicardium of the anterior middle of the ventricles 19 156 175
Anterior 2 Epicardium of the anterior base of the ventricles 29 167 196
RV cavity free wall Endocardium of the RV free wall base 27 181 208
RV cavity septal Right endocardium of the septal base 29 167 196
RV cavity posterior⁎ Endocardium of the RV posterior base 27 171 198
RV cavity anterior⁎ Endocardium of the RV anterior base 27 171 198
RV cavity apex⁎ Endocardium of the RV apex 10 152 162
LV cavity free wall Endocardium of the LV free wall base 24 180 204
LV cavity septal Left endocardium of the septal base 21 179 200
LV cavity posterior⁎ Endocardium of the LV posterior base 22 180 202
LV cavity anterior⁎ Endocardium of the LV anterior base 22 180 202
LV cavity apex⁎ Endocardium of the LV apex 1 152 153
The locations of the nodal points are shown on Fig. 3. The asterisks denote the interpolated values, whereas the rest of the data correspond to the experimentally
measured values in the representative experiment (sinus rhythm; cycle length, 301 milliseconds).
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The sum of these 3 components is 60 milliseconds, which is
very close to the Tpeak-Tend interval (58 milliseconds) in the
aVF lead. Thus, the derived formula is actual.
Discussion
The major simulation findings
Our model coupled with the experimental measurements
demonstrates the close proximity of the Tpeak instant to the
earliest global ventricular RT as well as that of the Tend
instant to the latest global ventricular RT. This resulted in the
similarity of values of global dispersion of repolarization and
duration of the Tpeak-Tend interval, thereby supporting the
previous experimental observations.9 Furthermore, simula-
tions allowed the analysis of the contribution of activation
sequence and different APD gradients to the global
dispersion of repolarization and the Tpeak-Tend interval.
For the verification of the suggested equation for the
Tpeak-Tend interval duration, the Tpeak and Tend values were
taken from the aVF lead. In this lead, Tpeak was coincident
with the time instant of the resultant vector maximal
amplitude. The ends of the T wave were the same for all
simulated leads because even the small fraction of the last
Fig. 5. The T wave in the simulated precordial and limb leads and the
magnitude of the resultant repolarization vector. The time from the
beginning of activation in the model is shown.
Fig. 6. Schematic illustration to the formula (1). A, The region of the latest
repolarization is located within the free ventricular wall. B, The region of the
latest repolarization is located in the posterolateral septum. 1, The site of the
earliest repolarization. 2, The site of the latest repolarization. 3, Epicardial
site close to the site 2. The hatches on the transversal projections indicate the
planes of the frontal/sagittal projection.
Table 4
Activation times, APDs, and RTs in the zones of the earliest and the latest
repolarization (simulated data).
AT, ms APD, ms RT, ms
The zone of the earliest epicardial RTa 8 142 150
The zone of the latest epicardial RT 29 170 199
The zone of the global latest RT 27 181 208
a Coincides with the global earliest RT.
Fig. 4. The results of simulations. A, The simulated activation sequence. B, The
simulated APD distribution. C, The simulated end of repolarization sequence.
The time from the beginning of activation in the model is shown on scales.
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repolarizing myocardium caused a nonzero voltage in all
ECGs in a noise-free simulation. In the V1 through V6 leads,
the moment of the Tpeak varied by ±3 to 4 milliseconds in
relation to the aVF Tpeak. This may be explained by the
effects of both the local electrical heterogeneity in the
myocardium (eg, transmural) and the different projections of
a resultant T-wave vector on the precordial leads due to their
proximity to the heart. These interlead variations were rather
small in relation to the Tpeak-Tend duration and possibly
would be barely detected in the clinical setting. Thus, the
accuracy of the suggested equation for the Tpeak-Tend interval
was not affected significantly even in the presence of the
difference in the Tpeak-Tend interval in precordial leads.
However, it may be important to measure the peak of the
T wave from distant ECG leads, such as aVF, which are
less predisposed to local distortions but reflect the resultant
vector and global dispersion of repolarization.
The generation of the electrocardiographic T wave is
generally related to the differences in RTs between ventri-
cular regions. The provided formulations demonstrated how
the global RT gradient responsible for the duration of the
Tpeak-Tend interval could be substituted with the relatively
independent measures, namely, specific AT and APD gra-
dients. We showed that the duration of the Tpeak-Tend interval
was the sum of 3 components: the transmural APD gradient,
the apicobasal (epicardial) APD gradient, and the difference
in AT between the apex and base of the ventricles. When the
T wave is generated only by a segment of the ventricular wall
(eg, the wedge preparation), the apicobasal APD gradient
is small, as well as the difference in ATs between the upper
and the lower edges of the segment. In this case, the peak of
the T wave would correspond to the complete repolarization
of the epicardium; and the Tpeak-Tend interval would be
actually an index of transmural dispersion of repolarization,
as it was found in wedge preparations.5
The findings of the present simulations suggested that the
peak of the T wave in the limb and precordial leads corre-
sponded to the earliest end of repolarization. An explanation
for this could be that, after the first area had fully repolarized,
the number of electrical generators in the heart decreased;
and the T-wave voltage began to decay. Apparently, the end
of the T wave coincided to the latest end of repolarization.
Thus, the Tpeak-Tend interval corresponded to the global
dispersion of repolarization, which is in accordance with the
experimental findings in vivo.7,9 However, the cited inves-
tigations did not demonstrate the significant transmural
gradient. The present study, on the other hand, showed the
presence of the transmural gradient in the in vivo setting and
underscored that (1) the transmural APD gradient made a
distinct contribution to the Tpeak-Tend interval but that (2) this
contribution is inferior to that of the apicobasal APD gradient
and apicobasal AT difference.
Experimental data and validation of the model
The heart position and orientation were set in the model to
comply with the intact rabbit heart-torso relationship that is
undoubtedly different from the human and requires careful
application of the study results. However, the changes in
heart-torso relationships hardly modified the major findings
of the present investigation.
The results of simulations of the T-wave generation in the
body surface ECGs depend necessarily on the repolarization
gradients set in the model. There is controversy concerning
the direction of the apicobasal gradient and a mere existence
of the transmural gradient of repolarization timing in the in
situ heart. To ensure the reliable setting of the APD values,
we experimentally measured the epicardial and intramyo-
cardial ARIs and demonstrated the presence of the apico-
basal, interventricular, and transmural ARI gradients, which
were subsequently used for the simulations.
The data on the epicardial ARI and RT distribution cor-
responded to those previously reported by our group.13,14
The similar apex-to-base repolarization sequence has been
consistently demonstrated in small mammals,15–17 whereas,
in large animals, either the apex-to-base18 or base-to-apex19
repolarization patterns were observed. The present study
demonstrated the transmural repolarization duration gradi-
ents in the in situ rabbit heart. Furthermore, we found the
transseptal gradient of ARIs, which is, to our knowledge, the
first report from an in situ mammalian heart study. The
statistically significant transmural difference in repolariza-
tion durations was documented only in the apical portion of
the ventricles. However, at simulation, the transmural in-
cluding transseptal repolarization gradients were set not only
for the apical but also for the basal portion of the ventricles,
where the gradients were not statistically significant even
though they were observed in the majority of the animals.
This was done for the sake of clarity to provide rather
uniform transmural difference along the wall and to reinforce
the role of the transmural gradient in case that the latter was
not documented because of low statistical power. Another
reason for the inclusion of the basal transseptal gradient was
to approximate the model to the data obtained from the
arterially perfused septal preparations.20
The present study suggested an explanation for the
relationship between the Tpeak-Tend interval and ventricular
activation sequence and repolarization gradients in normal
conditions with the upright T wave in the precordial and limb
leads. This imposes limitations for the interpretation of the
present results, as the activation process and repolarization
pattern could be dramatically affected in the abnormal heart
and the contribution of the different components to the Tpeak-
Tend interval duration could be changed. Another challenge
for the investigation of ECG expression of ventricular
repolarization is the cases with the complex morphology of
the T wave (eg, biphasic). These problems were outside the
scope of the present study.
Clinical implication
The Tpeak-Tend interval has been at present suggested as a
marker for the prediction of ventricular dispersion of repo-
larization and the development of the functional arrhythmic
substrate,3 which may substitute for, at least in part,
compromised21,22 QT dispersion as an arrhythmia predictor.
The data of the present study support the suggestion that the
Tpeak-Tend interval can be used in clinical conditions when
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the changes of the repolarization dispersion on a large scale
(eg, along ventricular walls) are expected, such as in heart
failure, pacing, extrasystoles, and cardiomyopathy. On the
other hand, the increase of transmural dispersion of re-
polarization (which is usually concerned with such settings
as myocardial ischemia) would be expressed in the Tpeak-
Tend interval if the increase of transmural dispersion resulted
in the augmentation of the global dispersion of repolariza-
tion. Presumably, such conditions can be readily met when
myocardial ischemia is superimposed on the otherwise
affected myocardium as was shown recently.23
Conclusion
The present study experimentally demonstrated the
presence of the transmural difference in repolarization dura-
tions in the apical portion of the ventricular myocardium in
conjunction with the apicobasal and interventricular repo-
larization gradients. The simulations show that the Tpeak-Tend
interval reflected the global dispersion of repolarization
resulting from the apicobasal and transmural repolarization
gradients and the difference in ATs between the apex and the
base of the ventricles.
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Ventricular repolarization gradients in experimental model of 
ischemia/reperfusion
Alterations of ventricular repolarization were studied in an open-chest feline model of 
coronary artery occlusion-reperfusion. Before ischemia, the transmural gradients of the RTs 
and ARIs were found in the right ventricular base and apex, left ventricular base, middle, and 
apex (Fig. 1). ARIs in the endocardium of the base and the apex of the left and right ventricles
were greater than those in the epicardium (p<0.05). In the middle of the left ventricle, epicardial 
ARIs were shorter than midmyocardial and endocardial ARIs (p<0.05). ARIs increased from 
the apex to the base of the heart resulting in the development of the apicobasal gradient of ARIs. 
The apicobasal differences of ARIs were significant for the epicardial and midmyocardial layers 
(Tabl. 1, p<0.05).
Figure 1. Transmural profiles of activation-recovery intervals (ARIs) in base and apex of the 
left (LV) and right (RV) ventricles and in the middle of the LV in feline heart.
Values are medians and interquartile intervals (25%; 75%), n = 18; *p<0.05 vs endocardium.
Table 1. Apicobasal distribution of activation-recovery intervals (ARIs, ms) in the ventricular 
myocardium of a cat
ARI, ms Base Apex
Epi 240 (213;265) 217 (207;247)*
Mid 248 (229;2778) 232 (221;266)*
End? 259 (253;280) 252 (237;275)
Values are medians and interquartile intervals (25%; 75%), n = 18; *p <0.05 vs Base.
Epi, epicardium; Mid, midmyocadium; Endo, endocardium.
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Under the ischemic exposure, the ARIs shortened uniformly in the epicardial, 
midmiocardial, and endocardial layers of the affected area (p<0.05), whereas ARIs in the non-
ischemic area remained unaltered. The increase of the borderline gradient and total dispersion
of ARIs was observed as a consequence of local shortening of ARIs in the in the middle and 
apex part of the left ventricle. During the reperfusion, ARIs in the nonischemic zone remained 
unchanged, while ARIs in the ischemic region lengthened (p<0.05). The borderline ARIs 
gradient and the total ARI dispersion were restored to baseline values after the 30 minutes of 
reperfusion.
Since oxidative stress during ischemia/reperfusion settings could be a key determinant of 
action potential duration shortening in an ischemic context, the synthetic echinochrome was 
applied as antioxidant to influence the ischemia-induced repolarization changes. Animals 
treated with echinochrome demonstrated least shortening of ARIs compared with control 
animals. As result, during ischemia the borderline gradient and total dispersion of ARIs were 
less in the group given echinochrome in comparison with controls but there were no significant 
quantitative differences in occurrence of ventricular arrhythmias between the groups.
In conclusion, under ischemic conditions, the global, apicobasal, and borderline dispersions 
of repolarization increased, whereas the transmural gradients did not change. Antioxidant agent 
echinochrome reduced ischemia-related augmentation of repolarization dispersion, but did not 
decrease vulnerability to ventricular tachyarrhythmias (for more details, see Sedova et al. 2013).
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Ischemia- and reperfusion-induced ventricular arrhythmias are caused by alterations of ventricular repolarization because of the 
influence of reactive oxygen species on ion channels (1). Antioxidants 
can prevent oxidative stress and, therefore, cardiac arrhythmias. 
However, electrophysiological mechanisms underlying antiarrhythmic 
action of antioxidants are not well understood. A combination of an 
antioxidant and an iron-binding agent is a greater protection against 
susceptibility to oxidative stress-induced ventricular arrhythmias than 
the antioxidant alone (2).
Echinochrome (6-ethyl-2,3,5,7,8-pentahydroxy-1,4-naphthoquin-
one) is an antioxidant and iron-chelating agent of natural origin (3-5). 
Its cardioprotective and antiarrhythmic effects has been shown (6). 
Some known physiological effects of echinochrome do not appear to 
be attributable to its antioxidant and iron-chelating properties. These 
are normalization of electromechanical coupling in myocardium (7), a 
cardioprotective effect under calcium disbalance in myocardium (8), 
and hyperpolarizing action on neurons (9). An effective synthesis of 
echinochrome was described (10). However, it remains unknown how 
echinochrome affects cardiac repolarization. 
The objective of the present study was an investigation of effects of 
an antioxidant echinochrome on ischemia- and reperfusion-induced 
alterations of ventricular repolarization during a brief coronary occlu-
sion-reperfusion sequence in situ. In addition, effects of echinochrome 
on the central aortic pressure were analyzed. We report our results 
from using synthetic echinochrome in an open-chest feline model.
METHODS
The work was carried out in accordance with the Guide for the Care 
and Use of Laboratory Animals, 8th Edition published by the National 
Academies Press (United States) in 2011. The study protocol was 
approved by the local institutional ethical committee.
Animal preparation
Experiments were performed on 16 adult mongrel cats of both sexes, 
weighing 2.5 kg to 4.5 kg. Animals were anesthetized with Zoletil 100 
(Virbac, France) using a dose of 15 mg/kg intramuscularly and xylazine 
(Xyla, Interchemie, Holland) using a dose of 1 mg/kg intramuscularly. 
A tracheostomy was performed, and an endotracheal tube was 
positioned to allow mechanical ventilation. Catheters (internal diam-
eter 1 mm) were inserted into the femoral vein for administration of 
drugs and saline and for withdrawal of blood samples, and into the 
aorta (through the left carotid artery) to measure central aortic pres-
sure. Steel needle electrodes were inserted subcutaneously to record 
the standard bipolar limb lead electrocardiograms. A midsternal thora-
cotomy was performed, and the heart was suspended in a pericardial 
cradle. The left anterior descending coronary artery was isolated dis-
tally (Figure 1), and a silk suture was placed around it to act as a liga-
ture and induce occlusion. 
Six flexible multipolar electrodes were inserted by means of a 
suture needle into the left ventricular wall (Figure 1) to record extra-
cellular electrograms. Each electrode contained eight unipolar record-
ing sites separated by 1 mm. Electrodes were fabricated with isolated 
copper wires (70 ?m diameter), each fastened off with a knot on a 
vicryl thread (0.8 mm diameter). 
Heparin (250 IU/kg) was administered intravenously to prevent 
coronary artery thrombosis during occlusion. Every 10 min during 
occlusion, blood samples were withdrawn from the femoral vein to 
measure the activated partial thromboplastin time. Blood clots did not 
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BACKGROUND AND OBJECTIVE: Antioxidant agents can prevent 
oxidative stress and, therefore, cardiac arrhythmias. Electrophysiological 
mechanisms underlying antiarrhythmic action of antioxidants are not well 
understood. Echinochrome is an antioxidant and iron-chelating agent of 
natural origin. Effects of synthetic echinochrome on ischemia- and reper-
fusion-induced alterations of ventricular repolarization were studied in a 
coronary artery occlusion-reperfusion model.
METHODS: Cats underwent a brief coronary occlusion-reperfusion 
sequence (30 min/30 min). To map repolarization, activation-recovery 
intervals (ARIs) were measured using 30 to 41 left ventricular unipolar 
extracellular electrograms. Echinochrome was administered intrave-
nously at a dose of 1 mg/kg 5 min before occlusion and/or 5 min before 
reperfusion.
RESULTS: Echinochrome raised the central aortic pressure and did not 
affect ARIs in nonischemic myocardium. When echinochrome was admin-
istered before reperfusion, restoration of ventricular repolarization during 
reperfusion was delayed. When echinochrome was administered before 
both occlusion and reperfusion, the ischemia-induced shortening of ARIs 
was reduced, and restoration of ARIs during reperfusion was normalized. 
Ventricular arrhythmias were observed in all of the animals both during 
occlusion and during reperfusion.
CONCLUSIONS: Echinochrome does not affect repolarization in nonis-
chemic myocardium. The preventive cardioprotective effect of echino-
chrome is that it reduces ischemia-induced shortening of repolarization 
duration, diminishes reperfusion-induced increasing of repolarization het-
erogeneity and raises arterial pressure.
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develop in any of the blood samples, testifying to the adequacy of 
heparinization and the absence of coronary artery thrombosis. 
During the experiment, the core temperature was monitored and 
maintained constant at 35°C to 37°C. Warm (37°C) saline was 
applied intermittently to the heart to moisten the epicardium and 
prevent surface cooling.
On completion of the experiment, the animal was euthanized by 
extirpation of the heart under general anesthesia. 
Animal groups
Three groups of animals were studied. Group E1 (five animals) was 
given synthetic echinochrome in a dose of 1 mg/kg 5 min before reper-
fusion (at 25 min of occlusion), and group E2 (five animals) was given 
synthetic echinochrome in a dose of 1 mg/kg 5 min before occlusion 
and 5 min before reperfusion. The dosage of echinochrome was chosen 
on the basis of its ability to protect from myocardial ischemia-reper-
fusion injury (11,12). Synthetic echinochrome was provided by the 
G.B. Elyakov Pacific Institute of Bioorganic Chemistry of the Far 
Eastern Branch of the Russian Academy of Sciences (Vladivostok, 
Russia). Echinochrome was administered intravenously (through the 
femoral vein catheter) for 1 min as a 0.2% solution in a 0.1% sodium 
bicarbonate solution (10 mg of echinochrome was dissolved in 5 mL of 
a 0.1% sodium bicarbonate solution using ultrasound bath). Group C 
(six animals) was given an equivalent volume of saline.
Recordings
The electrocardiogram (leads I, II and III) and central aortic pressure 
(transducer SP844, 50 ?V/V/cmHg, MEMSCAP, France) were con-
tinuously monitored on a physiological recorder (Prucka Mac-Lab 
2000, GE Medical Systems GmbH, Germany). Forty-eight unipolar 
electrograms and standard bipolar limb lead electrocardiograms were 
acquired using a custom-designed computerized multiplexed data 
acquisition system, allowing simultaneous recording of up to 128 sig-
nals with a bandwidth of 0.05 Hz to 1000 Hz at a sampling rate of 
4000 Hz and an accuracy of 12 bits). Examples of the original graphs 
of electrograms are shown in Figure 2. 
After baseline (preocclusion) electrocardiograms, electrograms and 
central aortic pressure were recorded under sinus rhythm, coronary 
occlusion was performed. At the end of the 30 min occlusion, the 
ligature was released to allow reperfusion for 30 min. Electrocardiograms, 
electrograms and central aortic pressure were recorded under sinus 
rhythm at the following time points: 5 min and 30 min of occlusion 
and 5 min and 30 min of reperfusion. 
At the end of the 30 min reperfusion, the left anterior descending 
coronary artery was religated at the same site, and 1.5 mL of 0.5% 
Evans blue dye (Reanal, Hungary) was injected into the carotid artery 
catheter to delineate the in vivo area at risk (Figure 3) and to verify 
that two of six electrodes were located in this area. Elevation of the ST 
segment was observed in electrograms recorded in the ischemic region 
during occlusion (Figure 2). The heart was then cut to determine 
recording sites located in the left ventricular cavity. Electrograms from 
these recording sites were excluded from further analysis.
Measurements
Thirty to 41 electrograms were analyzed in each experimental animal. 
Activation-recovery intervals (ARIs), corrected for heart rate by 
Bazett’s formula, were used for the evaluation of repolarization dur-
ations. ARI was defined as the interval between the time of the min-
imum first derivative of the QRS complex (local activation time) and 
the maximum first derivative of the T wave (local repolarization time) 
of unipolar electrograms (13). The computer-assisted measurements of 
local activation and repolarization times were reviewed and corrected 
by the experimenter if required. The total ARI dispersion was calcu-
lated as the difference between the shortest and the longest corrected 
ARIs. The boundary gradient was defined as the difference between 
the averaged corrected ARIs of ischemic and nonischemic regions. 
Analysis of ventricular arrhythmias
An arrhythmia score was given as follows: 0, no arrhythmias; 1, mono-
morphic ventricular extrasystoles <30/min; 2, single or coupled mono-
morphic ventricular extrasystoles >30/min; 3, polymorphic ventricular 
extrasystoles; 4, coupled polymorphic ventricular extrasystoles; 5, 
unstable ventricular tachycardia (<30 s); 6, stable ventricular 
Figure 1) A scheme of the localization of transmural electrodes (black cir-
cles) and occlusion site (cross) in feline hearts. Ao Aorta; LA Left atrium; 
LV Left ventricle; PT Pulmonary trunk; RA Right atrium (the left atrial 
appendage is uplifted); RV Right ventricle. The ischemic region is shown by 
the grey colour
Figure 2) Ventricular electrograms in cats. Original tracings of unipolar 
electrograms from a flexible electrode inserted along the epicardial-endocard-
ial axis into the apical left ventricular wall (the ischemic region) at the base-
line state (left), 30 min of occlusion (middle) and 30 min of reperfusion 
(right) in the control (group C) and echinochrome-administered (group E1) 
cats. Local activation and repolarization times are indicated by upright 
markers. The tracings without markers were excluded from the analysis 
because these were unipolar electrograms from recording sites located in the 
left ventricular cavity
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tachycardia (>30 s); and 7, ventricular fibrillation. Arrhythmias were 
assessed at 5 min intervals throughout occlusion and reperfusion. For 
each interval, arrhythmias of the greatest grade were taken into 
account. Scores for each animal were summed for occlusion and reper-
fusion. The mean arrhythmia score for each group was then calculated 
for occlusion and reperfusion. 
Statistical analysis
All data are presented as the mean ± SD. Comparisons between groups 
were carried out using the Mann-Whitney test. Analyses of differences 
in arrhythmia incidence between groups were carried out using the 2
test. Comparisons between time points were carried out by the 
Wilcoxon test. A value of P<0.05 was considered to be statistically 
significant. 
RESULTS
At baseline, there was no difference in ARIs among the animal groups 
(Table 1). In each group, there was no difference in ARIs between the 
regions affected and unaffected by the subsequent ischemia (Table 1). 
Preocclusion infusion of echinochrome (group E2) did not affect 
repolarization during the following 5 min.
During coronary occlusion, ARIs in the nonischemic region 
remained unchanged, while ARIs in the ischemic region shortened 
progressively in all the groups (Table 1). This resulted in a significant 
increase in the boundary gradient and total dispersion of ARIs (Table 1). 
Group E2 showed the least shortening of ARIs in the ischemic region 
compared with two other groups (Table 1). Pre-reperfusion infusion of 
echinochrome (group E1) did not affect repolarization during the last 
5 min of occlusion. There were no differences in the total ARI disper-
sion and the boundary ARI gradient between the groups at 30 min of 
occlusion (Table 1). 
During reperfusion, ARIs in the nonischemic region remained 
unchanged, while ARIs in the ischemic region lengthened in all the 
animal groups (Table 1). At 30 min of reperfusion, ARIs in the 
TABLE 1
Activation-recovery intervals (ARIs), boundary gradient and total dispersion of ARIs during coronary artery occlusion-
reperfusion in cats
Time point
Group E1, n=5 Group C, n=6 Group E2, n=5
Nonischemic 
region Ischemic region
Nonischemic 
region Ischemic region
Nonischemic 
region Ischemic region
ARIs
Baseline 234±51 239±29 232±29 221±33 245±35 229±38
Occlusion 5 min 220±60 157±34*† 224±24 175±31*† 238±33 194±32*†‡§
30 min 215±60 136±46*†¶ 238±28 163±32*†¶ 240±32 180±27*†‡§¶
Reperfusion 5 min 222±45 177±62*†** 234±27 192±58†** 242±29 171±31*†**
30 min 220±41 175±61*†‡** 240±26 238±46*¶** 249±30 221±36‡§¶**
Boundary gradient of ARIs
Baseline 12±8 11±12 6±6
Occlusion 5 min 51±26* 56±15* 35±20‡
30 min 62±9* 74±25* 54±27*
Reperfusion 5 min 59±9* 57±36* 72±30*
30 min 68±18*‡ 24±20** 54±26*‡
Total dispersion of ARIs
Baseline 73±38 66±12 78±23
Occlusion 5 min 101±22 111±20* 85±10‡
30 min 123±10* 126±32* 112±20*
Reperfusion 5 min 115±14 113±47* 120±18*
30 min 137±26*‡ 87±41** 97±8*‡§
Data are presented in ms as the mean ± SD. Group C Control; Group E1 Given synthetic echinochrome in a dose of 1 mg/kg 5 min before reperfusion (at 25 min of 
occlusion); Group E2 Given synthetic echinochrome in a dose of 1 mg/kg 5 min before occlusion and 5 min before reperfusion. *P<0.05 occlusion and reperfusion 
versus baseline; †P<0.05 ischemic versus nonischemic region in the same period; ‡P<0.05 Group E1 or group E2 versus group C; §P<0.05 Group E2 versus group 
E1; ¶P<0.05 30 min of occlusion/reperfusion versus 5 min of occlusion/reperfusion for the corresponding region; **P<0.05 reperfusion versus 30 min of occlusion for 
the corresponding region
Figure 3) Assessment of area at risk in feline hearts (perfusion with Evans 
blue). The nonperfused (ischemic) region is not dyed
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ischemic region were slightly greater than those at baseline in group C 
and were not different from those at baseline in group E2, but were 
significantly less than those at baseline in group E1. ARIs in the 
ischemic region at 30 min of reperfusion in group E1 were significantly 
shorter than those in group C and group E2 (Table 1). The boundary 
ARI gradient and the total ARI dispersion were not restored to the 
baseline values by the 30 min reperfusion in the echinochrome-
administered groups, in contrast with group C (Table 1). However, the 
total ARI dispersion at 30 min of reperfusion was significantly closer to 
the baseline value in group E2 as compared with group E1 (Table 1). 
Heart rate in group E1 remained unchanged during the occlusion-
reperfusion period: 176±18 beats/min, 182±21 beats/min and 
180±18 beats/min at baseline, 30 min of occlusion and 30 min of 
reperfusion, respectively. In group C, heart rate at baseline, 30 min of 
occlusion and 30 min of reperfusion was 155±17 beats/min, 
163±18 beats/min and 154±12 beats/min (P<0.05 versus occlusion), 
respectively. In group E2, heart rate at baseline, 30 min of occlusion 
and 30 min of reperfusion was 140±17 beats/min, 147±19 beats/min, 
and 161±14 beats/min (P<0.05 versus baseline), respectively. There 
were the following differences in heart rate: between group C and 
group E1 at 30 min of reperfusion (P<0.05); and between group E1 and 
group E2 at baseline (P<0.05) and at 30 min of occlusion (P<0.05).
All the animal groups showed ventricular arrhythmias both during 
occlusion and reperfusion (Table 2). Arrhythmias were observed in 
almost all the animals both during occlusion and during reperfusion. 
There were no ventricular arrhythmias during occlusion in only one 
cat in group E1 and no reperfusion-induced ventricular arrhythmias in 
two cats in group E2 and one cat in group C. There were no significant 
differences in the incidence of ventricular extrasystoles and ventricu-
lar tachycardia among the animal groups during occlusion (Table 3). 
In all the groups, reperfusion-induced ventricular tachycardia (and 
spontaneously reversible fibrillation lasted for 35 s in one cat in 
group E2) developed mainly within the initial 5 min of reperfusion, 
while reperfusion-induced ventricular extrasystoles were observed 
throughout reperfusion (Table 3). There was no significant difference 
in arrhythmia scores among the animal groups (Table 4).
Arterial pressure did not differ among the animal groups at base-
line (Table 5). In group C, the systolic, diastolic and mean pres-
sures tended to decrease during occlusion and tended to rise to 
baseline values during reperfusion, and there were no significant 
changes in the pulse pressure. Group E1 showed the similar dynam-
ics of arterial pressure during occlusion. Pre-reperfusion infusion of 
echinochrome (group E1) resulted in the rapid rise in the systolic, 
diastolic and mean pressures. Then, during reperfusion, the sys-
tolic, diastolic and mean pressures slightly fell and did not differ 
from the baseline values. The pulse pressure in group E1 remained 
unchanged during occlusion and reperfusion. In group E2, the rapid 
rise in the systolic, diastolic and mean pressures occurred after each 
infusion of echinochrome with the further decrease to baseline 
values; the significant increase in the pulse pressure was only after 
the second (pre-reperfusion) infusion of echinochrome.
DISCUSSION
Electrophysiological mechanisms underlying antiarrhythmic action of 
antioxidants are not well understood. As has been reported previously, 
a combination of an antioxidant and an iron-binding agent is a greater 
protection against susceptibility to oxidative stress-induced ventricu-
lar arrhythmias than the antioxidant alone (2). The purpose of the 
TABLE 2
Comparison of the animal groups in relation to types of ventricular arrhythmias during coronary artery occlusion-
reperfusion
Type of arrhythmias
Occlusion Reperfusion
Group C (n=6) Group E1 (n=5) Group E2 (n=5) Group C (n=6) Group E1 (n=5) Group E2 (n=5)
No arrhythmias 0 1 0 1 2 0
Monomorphic ventricular extrasystoles (<30/min) 5 4 5 2 0 2
Single or coupled monomorphic ventricular  
extrasystoles (>30/min)
2 1 2 2 1 1
Polymorphic ventricular extrasystoles 0 1 2 0 0 0
Coupled polymorphic ventricular extrasystoles 1 1 0 0 0 1
Unstable ventricular tachycardia (<30 s) 1 1 0 2 2 1
Stable ventricular tachycardia (>30 s) 0 0 0 1 1 0
Ventricular fibrillation 0 0 0 0 0 1
Data presented as n. Group C Control; Group E1 Given synthetic echinochrome in a dose of 1 mg/kg 5 min before reperfusion (at 25 min of occlusion); Group E2 
Given synthetic echinochrome in a dose of 1 mg/kg 5 min before occlusion and 5 min before reperfusion
TABLE 3
Comparison of the animal groups in relation to the occurrence of ventricular arrhythmias during coronary artery occlusion–
reperfusion
Group
Ventricular extrasystoles Ventricular tachycardia/fibrillation
Occlusion Reperfusion Occlusion Reperfusion
0–15 min 16–30 min 0–5 min 6–30 min 0–15 min 16–30 min 0–5 min 6–30 min
Group C (n=6) 5 4 2 2 0 0 3 0
Group E1 (n=5) 4 2 1 0 0 1 2 0
Group E2 (n=5) 3 5 4 1 0 0 2 0
Data presented as n. Group C Control; Group E1 Given synthetic echinochrome in a dose of 1 mg/kg 5 min before reperfusion (at 25 min of occlusion); Group E2 
Given synthetic echinochrome in a dose of 1 mg/kg 5 min before occlusion and 5 min before reperfusion
TABLE 4 
Comparison of the experimental groups in relation to 
arrhythmia scores* in a feline model of coronary artery 
occlusion-reperfusion
Period Group C (n=6) Group E1 (n=5) Group E2 (n=5)
Occlusion 4.7±2.9 6.6±7.1 4.4±1.7
Reperfusion 4.2±2.6 3.6±4.6 4.2±4.1
Group C Control; Group E1 Given synthetic echinochrome in a dose of 1 mg/kg 
5 min before reperfusion (at 25 min of occlusion); Group E2 Given synthetic 
echinochrome in a dose of 1 mg/kg 5 min before occlusion and 5 min before 
reperfusion. *0, no arrhythmias; 1, monomorphic ventricular extrasystoles <30/min; 
2, single or coupled monomorphic ventricular extrasystoles >30/min; 3, poly-
morphic ventricular extrasystoles; 4, coupled polymorphic ventricular extra-
systoles; 5, unstable ventricular tachycardia (<30 s); 6, stable ventricular 
tachycardia (>30 s); and 7, ventricular fibrillation
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present study was to investigate effects of echinochrome on ischemia- 
and reperfusion-induced alterations of ventricular repolarization in an 
open-chest feline model of a brief coronary occlusion-reperfusion 
sequence. Synthetic echinochrome was used as an antioxidant and an 
iron-binding agent (3-5). Previously, evidence for cardioprotective 
effects of echinochrome from myocardial ischemia-reperfusion injury 
has been reported in acute canine and chronic rabbit models of coron-
ary artery occlusion-reperfusion (11,12). Clinical investigations con-
firm that treatment with echinochrome prevents infarct expansion 
induced by reperfusion (14).
The major findings of the present study are as follows: echino-
chrome does not affect repolarization of nonischemic myocardium; 
echinochrome reduces ischemia-induced shortening of repolarization; 
and the positive effect of echinochrome on arterial pressure appears 
quickly. 
There was no effect of echinochrome on ARIs in the nonischemic 
region, and the preocclusion infusion of echinochrome reduced the 
ischemia-induced shortening of ARIs. One might assume that echino-
chrome inhibits ionic current through the ATP-regulated potassium 
channels (KATP channels); however, appropriate research is required 
to confirm this assumption.  
Ventricular repolarization in the control cats was restored to the 
baseline state by the 30 min reperfusion. In contrast, restoration of 
ventricular repolarization was delayed within the 30 min reperfusion 
in cats treated with the pre-reperfusion infusion of echinochrome. 
This delay testified that a normalization of ionic currents was 
decelerated. This might be attributable to the activation both of 
potassium (other than the KATP current) and calcium currents by 
echinochrome (9) and to the dependence of potassium currents on 
intracellular calcium (15).
Increased ventricular repolarization heterogeneity can provide the 
potential substrate for ventricular arrhythmias. An index of repolariza-
tion heterogeneity is spatial dispersion of repolarization (16,17). In the 
study reported here, all the animal groups showed both occlusion and 
reperfusion ventricular arrhythmias. This was in consistent agreement 
with the increased total ARI dispersion at occlusion and reperfusion in 
all the animal groups. However, the twofold increased total ARI dis-
persion at 30 min of reperfusion in the echinochrome-administered 
cats (group E1) testified maintenance of a greater remaining risk of 
ventricular arrhythmias compared with two other groups. In spite of 
this fact, there was no difference in reperfusion-induced arrhythmia 
incidence and scores between the animal groups. Our observations 
were in consistent agreement with no effect of echinochrome on the 
incidence of cardiac rhythm disorders reported for dogs by other 
researchers (12). However, the decreased number, frequency, duration 
and severity of reperfusion arrhythmic episodes have been observed by 
application of echinochrome before myocardial reperfusion in patients 
(7,14). The discrepancies between clinical and experimental study 
results may be due to species differences. It is possible that there is a 
certain threshold of the antiarrhythmic activity of antioxidant agents, 
whereas the probability of reperfusion-induced arrhythmias in dogs 
and cats is less than in humans because of differences in the coronary 
collateral circulation. Residual flow to ischemic myocardium during 
coronary artery occlusion in dogs and cats is significantly greater than 
that in humans (18,19). As a result, reperfusion-induced oxidative 
stress and, therefore, a probability of reperfusion-induced arrhythmias 
appear to be less. 
Infusion of echinochrome resulted in the rise in arterial pressure. 
This rise could be attributable to an increase in cardiac output and/or 
vascular resistance. The assumption that an increase in stroke volume 
(the inotropic effect) could occur after echinochrome administration, 
was in consistent agreement with other findings. Increasing ventricu-
lar contractility could be associated with a normalization of the pump 
function of the heart, because echinochrome activates the calcium 
current (9) and promotes stabilization of intracellular calcium content 
(8,20) through maintenance of the activity of cardiomyocyte mem-
brane receptors and ryanodine receptors of the sarcoplasmic reticulum 
(20). The echinochrome-induced increase in arterial pressure reported 
for our study were in consistent agreement with the positive inotropic 
effect of echinochrome on isolated human right atrial strips (7). 
However, an increase in vascular resistance could not be excluded 
because echinochrome could affect calcium homeostasis in vascular 
muscle cells as it occurs in cardiac myocytes. 
The present study has limitations. Lipid peroxidation products 
were not measured. Therefore, we had no data on whether the 
infusions of echinochrome caused decreasing generation of reactive 
oxygen species within the myocardium. However, it was shown previ-
ously that echinochrome, being a very lipophilic compound (5) with a 
high free radical scavenging activity (3-5), decreases lipid peroxida-
tion (21,22). Also, no histological examination was performed, and we 
do not have data on infarct size. However, the dosage used causes a 
significant reduction of infarct size in experimental animals (11,12). 
TABLE 5 
The effect of echinochrome on arterial pressure (mmHg) during coronary artery occlusion-reperfusion in cats
Group Baseline Baseline + E
Occlusion Reperfusion
5 min 25 min 30 min + E 5 min 30 min
Systolic pressure
   Group C 103±14 – 96±11 91±9 – 96±15 104±18
   Group E1 94±15 – 88±9 82±16 101±18* 92±16†‡ 93±9†
   Group E2 97±21 110±20* 93±14‡ 95±10 106±14* 107±32† 90±7†‡
Diastolic pressure
   Group C 79±16 – 72±12 68±10 – 75±12 75±17
   Group E1 74±12 – 67±13 64±17 79±18* 72±15‡ 70±14
   Group E2 76±21 86±19* 75±14 75±8 82±10* 77±16 71±7‡
Mean pressure
   Group C 87±15 – 80±12 77±9 – 82±13 85±16
   Group E1 80±13 – 74±16 70±16 86±18* 79±15‡ 77±12
   Group E2 83±21 94±20* 81±15‡ 81±9 90±11* 89±24 78±7‡
Pulse pressure
   Group C 24±2 – 23±5 27±5 – 21±4 28±8
   Group E1 22±6 – 23±8 18±6 22±4 20±5 23±6
   Group E2 21±1 24±4 18±2 20±3 24±5* 30±15* 20±3
Data presented as mean ± SD. E Echinochrome; Group C Control, n=6; Group E1 Given synthetic echinochrome in a dose of 1 mg/kg 5 min before reperfusion (at 25 
min of occlusion), n=5; Group E2 Given synthetic echinochrome in a dose of 1 mg/kg 5 min before occlusion and 5 min before reperfusion, n=5. *P<0.05 versus the 
state before administration of echinochrome; †P<0.05 versus occlusion at 25 min; ‡P<0.05 versus the state with infusion of echinochrome (at 30 min of occlusion)
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Electrocardiographic markers of ventricular repolarization heterogeneity
The analysis of ECG parameters of cardiac repolarization in the standard bipolar limb leads 
revealed significant prolongation of the QTc and Tpeak-Tend intervals during 30-minute
coronary occlusion in cats. The QTc interval was prolonged after the 15th and 30th minute of 
coronary occlusion as compared with the baseline (?<0.05). The significant prolongation of the 
?????-Tend interval was observed after the 30th minute of coronary occlusion compared with 
the baseline (?<0.05). ECGs recorded from the precordial leads demonstrated changes of the T 
wave amplitude. At baseline, the negative T wave was observed in the “basal” leads J1–J3 and
the positive T wave was observed in the “apical” leads J4–J6 presenting the longitudinal
dispersion of the T wave amplitude. The amplitude of the T wave in the leads J1–J3 increased 
(the T wave became more negative) after 15 and 30 minutes of coronary occlusion (p<0.05), at 
the same time the amplitude of the T wave in leads J4–J6 also increased (the T wave became 
more positive) in response to acute ischemia (p<0.05). Thus, the longitudinal T wave amplitude 
dispersion increased significantly after 15 and 30 minutes of coronary occlusion.
In conclusion, the dynamics of the repolarization dispersion changes during acute ischemia 
could be assessed by the measurements of the longitudinal T wave amplitude dispersion, Tpeak-
Tend and QTc intervals from the body surface ECGs (for more details, see Sedova et al. 2015).
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Abstract Background:Myocardial ischemic electrophysiological alterations are associatedwith the generation of
reactive oxygen species. However, electrophysiological effects of antioxidants are unclear. Our objective
was to determine the effects of the antioxidant echinochrome on ventricular repolarization in a feline
model of 30-min ischemia.
Methods and results: Activation–recovery intervals were measured from 64 ventricular
electrograms recorded before and during the LAD ligation in untreated animals (controls, n = 5)
and animals given echinochrome (1 mg/kg, n = 5 and 2 mg/kg, n = 7). In controls, ischemia resulted
in the increase of repolarization dispersion, QTc and Tpeak–Tend intervals and precordial T wave
amplitude dispersion. Echinochrome attenuated the ischemic increase of repolarization dispersion. The
increased dose of echinochrome abolished the ischemic ECG repolarization changes but did not modify
the incidence of ventricular arrhythmias.
Conclusion: Echinochrome modified ischemic alterations of repolarization dispersion that were
associated with the changes of the body surface T wave amplitude dispersion and Tpeak–Tend interval.
© 2015 Elsevier Inc. All rights reserved.
Keywords: Ischemia; Repolarization; Antioxidant; Animal model
Introduction
Acute cardiac ischemia causes electrophysiological
alterations that may lead to fatal arrhythmias. Among these
alterations is the increase in the content of reactive oxygen
species (ROS), which produce a wide spectrum of proar-
rhythmic effects [1]. Antioxidants may reduce the susceptibil-
ity to cardiac arrhythmias by the prevention of oxidative stress
[2]. A pigment of sea urchins echinochrome A (2,3,5,7,8-
pentahydroxy-6-ethyl-1,4-naphthoquinone), an antioxidant
agent characterized by iron chelation and free-radical scavenging
abilities [3], has been reported to render cardioprotective effects in
ischemia/reperfusion models [4], but its electrophysiological
effects, thatmayunderlie a potential antiarrhythmic action, are not
well understood.
The assessment of cardiac repolarization on the basis of
ECG analysis during acute coronary syndrome is of clinical
importance as to the prognosis of arrhythmias and evaluation of
antiarrhythmic therapies. Specifically, the ECG indices of
ventricular repolarization including the QT interval, T wave
and Tpeak–Tend durations, the T wave voltage and morphol-
ogy could reflect the vulnerability of the ventricles to the life-
threatening reentrant arrhythmias. The total dispersion of
repolarization, which is associated with both the arrhythmic
susceptibility and the generation of the T wave, is determined
by several so-called ventricular repolarization gradients with
the contribution of transepicardial (i.e., apicobasal, interven-
tricular and anteroposterior) gradients being superior to that of
the transmural gradient [5–9].
The action potential duration predominantly shortens in the
ischemic conditions thereby modifying dispersion of repolariza-
tion [10]. We hypothesized that echinochrome as an antioxidant
agent could influence the ventricular repolarization-associated
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manifestations of myocardial ischemia. The objective of the
present study was to measure the effects of echinochrome on
repolarization durations and dispersion and to test if these effects
were associated with the changes of the body surface ECG
parameters in an open-chest feline model of 30-min ischemia.
Material and methods
The study was carried out in accordance with the
Guide for the Care and Use of Laboratory Animals, 8th
Edition published by the National Academies Press (US)
2011, and the experimental protocol was approved by the
local institutional ethical committee. The experiments were
performed in a total of 17 adult mongrel cats of both sexes,
weighing 2.5 to 4.5 kg. Animals were anesthetized with
zoletil (ZOLETIL® 100, Virbac S.A., Carros, France;
15 mg/kg, i.m.) and xylazine (XYLA, Interchemie, Castenray,
Holland; 1 mg/kg, i.m.). Then, the animals were intubated and
artificially ventilated. Catheters (internal diameter 1 mm)were
inserted into the femoral vein for the administration of drugs
and saline. Stainless steel needle electrodes were inserted
subcutaneously to record ECGs in the standard bipolar limb
leads and six modified precordial leads (J1–J6). Taking into
account the further midsternal access to the heart, these leads
were shifted from the usual level upwards to the jugular notch
(J1–J3) and downwards to the inferior costal margin (J4–J6).
The positions of J2 and J5 were in the midline, J1 and J6 in the
right anterior axillary line, and J3 and J4 in the left anterior
axillary line (Fig. 1). A shortening of action potentials in the
apical part of the heart ventricles due to occlusion of the left
descending coronary artery was expected to result in an
increase of the apicobasal difference in action potential
durations and these changes were expected to be documented
by the recording of ECGs in the modified precordial leads
system with the leads J1–J3 reflecting potentials of the
ventricular base and the leads J4–J6 reflecting potentials of the
ventricular apex.
The heart was exposed through a midsternal approach
and was suspended in a pericardial cradle. In order to induce
coronary occlusion, a polycaproamide ligature (No. 3-0) was
placed around the left anterior descending coronary artery
(LAD). During the experiment, the core temperature was
monitored and maintained constant at 35–37 °C. Warm
(37 °C) saline was applied intermittently to the heart to
moisten the epicardium and prevent surface cooling. A 64-
electrode epicardial sock was placed on the heart ventricles
to record unipolar electrograms. The signals were isolated,
amplified, multiplexed, and recorded by a custom-designed
144-channel computerized mapping system with a band-
width of 0.05–1000 Hz at a sampling rate of 4000 Hz. The
data were obtained at baseline and 5, 15, and 30 min of
coronary occlusion with the incision being sutured before the
recordings.
The ischemic area and the leads enclosed within this area
were determined by two methods. The elevation of the ST
segment on the recorded epicardial electrograms served as
the evidence of acute ischemia. After the experiment the
1.5 ml of 0,5% Evans blue dye (Reanal, Hungary) was
injected via the carotid artery catheter. The leads in the
noncontrasted zone coincided with the leads, where the
elevation of the ST segment was observed during coronary
occlusion. The perfused regions were designated as a nonis-
chemic zone (Supplementary 1).
The animals were divided into three groups. Two groups
were given echinochrome in the doses of 1 mg/kg and 2 mg/kg
(n = 5 and n = 7 respectively) being administered as a 0.2%
solution in a 0.1% sodium bicarbonate solution 5 min before
coronary occlusion. Five cats served as the controls and
underwent LAD ligation, but did not receive antioxidant
treatment. Instead, an equivalent volume of saline was infused
to the control animals before coronary occlusion.
The analysis of the recorded epicardial electrograms
included the measurement of activation–recovery intervals
(ARIs), which were used for the evaluation of local repolari-
zation duration. Each ARI was defined as the interval between
the activation time and the end of the repolarization time,
determined as dV/dt min during the QRS complex and dV/dt
max during the ST-T complex respectively [11]. The dV/dt max
moment was determined automatically, inspected by the
observer, and corrected manually if necessary. The dispersion
of repolarization was calculated as the difference between the
longest ARI in the nonischemic area and the shortest ARI in the
ischemic zone.
The QRS, QT and Tpeak–Tend intervals were measured
in the limb lead II ECG and the QT interval was corrected to
heart rate by the formula QTc = QT − 0,175*(RR-300)
[12]. The T wave amplitudes were measured in the
modified precordial leads. Two averaged values were
calculated for the “basal” (J1–J3) and “apical” (J4–J6)
leads, respectively, and the difference between these values
(“apical” minus “basal”) was defined as the longitudinal
T wave amplitude dispersion.Fig. 1. Schematic presentation of the distribution of precordial leads.
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The assessment of ventricular arrhythmias was performed
before and during coronary occlusion. The score of arrhythmia
was given for each 5 min period during coronary occlusion
as follows: 0, no arrhythmias; 1, monomorphic ventricular
extrasystoles b30/min; 3, single or coupled monomorphic
ventricular extrasystoles N30/min; 3, polymorphic ventricular
extrasystoles N30/min; 4, coupled polymorphic ventricular
extrasystoles N30/min; 5, unstable ventricular tachycardia
(b30 s); 6, stable ventricular tachycardia (N30 s); 7, ventric-
ular fibrillation. For each interval, arrhythmias of the greatest
grade were taken into account. Themean arrhythmia score was
calculated for each group at baseline and at 5, 15 and 30 min of
coronary occlusion.
The data are expressed as median (25% percentile;
75% percentile). Statistical examination was carried out by
the Friedman test followed by the Newman–Keuls test for
paired comparisons. Comparisons between groups were
carried out by the Mann–Whitney test. The chi-squared test
baseline
5 min
ischemia
15 min
ischemia
30 min
ischemia
non-ischemic area ischemic area non-ischemic area ischemic area
Control Echinochrome (2mg/kg)
100 ms
1 mV
A
Control
Echinochrome
(2 mg/kg)
30 min ischemia
92 162 ms
baselineB
Fig. 2. A. Ventricular epicardial electrograms led from the ischemic (left ventricular apex) and nonischemic (left ventricular base) areas in control and
echinochrome-treated (2 mg/kg) cats. Dashed lines designate the local activation and end of repolarization time instants. B. Representative isochronal maps of
ventricular epicardial activation–recovery intervals at the baseline state and at 30 min of coronary occlusion in the control and 2 mg/kg echinochrome groups.
The left and right sides of each map correspond to the anterior and posterior epicardial aspects, respectively. Arrows point at ischemic areas. See the less degree of
ischemic shortening of activation–recovery intervals in echinochrome-treated animal.
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assessed the difference in ventricular arrhythmias between
the control and echinochrome groups. The differences at
p b 0.05 were considered significant.
Results
Ventricular repolarization
There were no differences in the baseline distribution
of ARIs between the groups, and the administration of
echinochrome prior to coronary occlusion did not change
ARIs and their distribution on the ventricular epicardium.
Coronary occlusion resulted in the shortening of ARIs in the
ischemic area (р b 0.05), whereas ARIs in the nonischemic
area remained unaltered during ischemic exposure as
expected (Fig. 2). The extent of ischemic ARI shortening
was less in the animals treated with 2 mg/kg echinochrome
at 15 min and 30 min of coronary occlusion in comparison
with the control group (р b 0.05). Infusion of echinochrome
in a dose of 2 mg/kg demonstrated themore pronounced effect
to decrease the ischemia-induced ARIs shortening at 30 min
ischemia as compared with the lower dose (р b 0.05, Table 1).
A significant increase of the ARI dispersion (р b 0.05)
was observed in control and treated animals as a conse-
quence of the local shortening of ARIs in the apical zone of
the ventricles during ischemia. The extent of the increase of
the ARI dispersion in the group given 2 mg/kg echino-
chrome was significantly less in comparison with the control
and 1 mg/kg echinochrome groups (Table 2).
ECG
ECG parameters were analyzed in the control animals (n = 5)
and the animals treated with 2 mg/kg of echinochrome (n = 7).
As the animals treated with 1 mg/kg of echinochrome did not
differ from controls in the ischemia-induced changes of ARI
duration and dispersion, these animals were omitted from the
analysis for the sake of clarity.
The analysis of ECG parameters of cardiac repolarization
in the standard bipolar limb leads revealed the significant
prolongation of the QTc and Tpeak–Tend intervals during
coronary occlusion in the control group but not in the groups
treated with echinochrome. On the other hand, ischemia
resulted in the significant prolongation of the QRS complex
in the animals given echinochrome (Table 3). ECGs recorded
from the precordial leads demonstrated changes of the T wave
amplitude.At baseline, we observed the negative Twave in the
“basal” leads J1–J3 and the positive T wave in the “apical”
leads J4–J6, presenting the longitudinal dispersion of the
T wave amplitude in both groups. During coronary occlusion,
the amplitude of the T wave in the leads J4–J6 was increased
(the T wave became more positive) in both groups of animals
(p b 0.05), whereas the T wave in the leads J1–J3 increased
(the T wave became more negative) only in the control
group (p b 0.05). Thus, the longitudinal T wave amplitude
dispersion was increased significantly at 15 and 30 min of
coronary occlusion in the control animals, but not in the treated
group (Table 3).
Therewas no difference in the incidence of ischemia-induced
ventricular arrhythmias between the animal groups (Table 4).
Discussion
Ischemia is known to shorten myocardial action potential
durations [10]. The present study demonstrated the corre-
spondent shortening of ARIs, surrogates for the action
potential durations. These alterations resulted in the increase
of the dispersion of repolarization since the ARIs in the
ischemic area shortened and those in the normal myocardium
remained unaltered. Echinochrome led to the attenuation of
the extent of the abovementioned changes. Accordingly, the
untreated animals demonstrated the ischemia-related in-
crease in the QTc and Tpeak–Tend intervals as well as the
longitudinal T wave amplitude dispersion in the precordial
leads. On the other hand, the animals given echinochrome
had no changes of these ECG parameters suggested for the
estimation of repolarization dispersion. In spite of the favorable
repolarization changes, echinochrome led to the paradoxical
QRS prolongation during ischemia. However, the observed
electrophysiological effect of echinochrome did not lead to the
change in arrhythmia susceptibility.
The most consistent physiological effect of echinochrome
is reported to be an antioxidative activity [3] and, as such,
it is implied that echinochrome compensated for some ROS-
mediated action potential duration shortening in an ischemic
context. It has been suggested that an increase in the
sarcolemmal IK(ATP) current resulted from the collapse of the
mitochondrial ΔΨm mediated by superoxide anions pro-
duced during ischemia and reperfusion flowing through the
Table 1
Ischemia-induced ARI shortening during coronary occlusion.
Periods Control
(n = 5)
Echinochrome
1 mg/kg (n = 5)
Echinochrome
2 mg/kg (n = 7)
Baseline (ARI, ms) 146 (130; 171) 104 (80; 114) 128 (106; 135)
Changes at:
5 min ischemia 27 (24; 32) 18 (12; 31) 8 (3; 25)
15 min ischemia 43 (36; 61) 17 (15; 53) 11 (9; 24) ♯
30 min ischemia 42 (36; 59) 24 (17; 33) 13 (9; 31) ♯⁎
Intensity of ischemic injury is expressed as the shortening of ARIs from
baseline. Data are presented as median (25% percentile; 75% percentile), ms.
♯ p b 0.05 versus control group.
⁎ p b 0.05 versus 1 mg/kg dose.
Table. 2
Ischemia-induced increase of the ARI dispersion during coronary occlusion.
Changes of ARI
dispersion (ms) at periods
Control
(n = 5)
Echinochrome
1 mg/kg (n = 5)
Echinochrome
2 mg/kg (n = 7)
5 min ischemia 21 (12; 29) 20 (4; 23) 12 (8; 13)♯
15 min ischemia 21 (17; 33) 30 (14; 34) 13 (6; 17)♯
30 min ischemia 17 (17; 27) 32 (30; 32) 13 (5; 18)♯,⁎
Intensity of ischemic injury is expressed as the increase of the ARI
dispersion from baseline. Data are presented as median (25% percentile;
75% percentile), ms.
♯ p b 0.05 versus control group.
⁎ p b 0.05 versus 1 mg/kg dose.
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internal membrane anion channels [2]. Due to abundance of
the K(ATP) channels in cardiomyocytes, the increase in this
current could lead to the significant shortening of action
potential duration [13], which could be documented by ARI
abbreviation. Since echinochrome is characterized by
antioxidative properties, it could diminish superoxide anion
production and, consequently, attenuate ARI changes in
ischemia as it was observed in the present study.
The myocardial dispersion of repolarization has long been
recognized as one of arrhythmogenic electrophysiological
prerequisites [14] and, therefore, a reliable noninvasive index
reflecting the dispersion of repolarization is strongly desired.
The present study demonstrated that the ischemia-induced
increase of repolarization inhomogeneity was associated with
the increase of the QTc and Tpeak–Tend intervals in the limb
leads in untreated animals. It is noteworthy, that the attenuation
of repolarization changes by echinochrome abolished the
correspondent ECG alterations. The mechanism of these
effects could be related to the prolongation of the final portion
of the T wave due to the increase of the apicobasal gradient of
repolarization, which in turn was caused by the significant
repolarization shortening in the ischemic apical region of the
left ventricle. The contribution of the transmural gradient in
these phenomena was likely negligible. On one hand,
experimental and simulation studies [8,15] demonstrated that
its influence on the Tpeak–Tend duration was inferior to that
of the apicobasal gradient. On the other hand, our previous
study in the framework of the same experimental model of
myocardial ischemia showed that the electrophysiological
changes were uniform in subepicardial, intramural and
subendocardial layers of the ischemic zone [16] and,
consequently, no changes of the transmural gradient
were expected. The QT interval was also reported to
prolong in patients with acute ischemia caused by coronary
occlusion during angioplasty [17] and, at least in part, this
prolongation could be ascribed to the early dilation of the
left ventricle [18].
However, the clinical use of the QT and Tpeak–Tend
intervals as predictors of fatal ventricular arrhythmias has been,
in the least, conflicting [19–22]. One likely reason for the
clinically unsatisfactory predictive values of these indices is the
technical difficulty in the measurements of the T wave offset.
From this viewpoint, the T wave voltage determinations could
present a promising approach for the evaluation of the dispersion
of repolarization. Here, we found that the longitudinal T wave
amplitude dispersion changes were related to the changes of the
epicardial dispersion of repolarization at ischemic exposure and
the attenuation of the epicardial repolarization alterations by
echinochrome abolished the changes of the T wave amplitude
dispersion. Therefore, the measurements of the difference
between the T wave voltages in the “basal” and “apical”
precordial leads might present a useful tool for the evaluation of
myocardial dispersion of repolarization. However, it is
noteworthy that the recording of the body surface leads with
Table 4
The mean arrhythmia scores during 30-min ischemia.
Control
(n = 5)
Ech 1 mg/kg
(n = 5)
Ech 2 mg/kg
(n = 7)
Baseline 0 0 0
Echinochrome – 0 0.14
5 min ischemia 0.14 0 0.14
15 min ischemia 1 1 0.14
30 min ischemia 0.71 1 0.57
For calculation procedures see “Methods.” No differences in the arrhythmia
incidence were found between the studied groups.
Table 3
Temporal and amplitude ECG parameters during ischemia in the control and echinochrome (2 mg/kg) groups.
Baseline 5 min ischemia 15 min ischemia 30 min ischemia
Intervals, ms (standard limb lead II)
Control (n = 5)
RR 405 (348; 434) 388 (348; 435) 348 (309; 435) 348 (300; 445)
QRS 42 (38; 46) 40 (40; 50) 44 (39; 47) 46 (41; 48)
QTc 171 (165; 179) 173 (166; 180) 178 (173; 189)⁎ 175 (172; 183)⁎
Tpeak–Tend 37 (34; 40) 38 (35; 40) 37 (36; 40) 39 (37; 40)⁎
Echinochrome (2 mg/kg, n = 7)
RR 396 (372; 448) 381 (355; 454) 385 (362; 433) 368 (310; 441)
QRS 36 (35; 40) 42 (37; 44) 42 (39; 46)⁎ 41 (38; 44)
QTc 178 (170; 185) 186 (174; 194) 183 (174; 195) 173 (170; 181)
Tpeak–Tend 39 (35; 44) 40 (38; 42) 40 (38; 41) 38 (36:40)
Mean T wave voltage, mV (modified precordial leads)
Control (n = 5)
J1–J3, “basal” −0.11 (−0.13; −0.09) −0.12 (−0.13; −0.10) −0.14 (−0.15; −0.12)⁎ −0.15 (−0.15; −0.12)⁎
J4–J6, “apical” 0.11 (0.10; 0.17) 0.14 (0.11; 0.18) 0.17 (0.14; 0.21)⁎ 0.17 (0.16; 0.21)⁎
Dispersion 0.20 (0.20; 0.28) 0.25 (0.20; 0.30) 0.31 (0.26; 0.35)⁎ 0.33 (0.28; 0.35)⁎
Echinochrome (2 mg/kg, n = 7)
J1–J3, “basal” −0,12 (−0.13; −0.11) −0,13 (−0.14; −0.12) −0,14 (−0.14; −0.13) −0,14 (−0.14; −0.12)
J4–J6, “apical” 0,11 (0.10; 0.12) 0,11 (0.10; 0.13) 0,14 (0.13; 0.15) 0,13 (0.11; 0.14)⁎
Dispersion 0,24 (0.22; 0.25) 0,25 (0.24; 0.27) 0,28 (0.27; 0.30) 0,27 (0.23; 0.28)
Data are presented as median (25% percentile; 75% percentile).
⁎ p b 0.05 versus baseline state.
185K. Sedova et al. / Journal of Electrocardiology 48 (2015) 181–186
the open thorax modifies the resulting ECGs. This presents a
limitation for the interpretation of the present findings.
It may have been expected that the echinochrome-induced
reduction of the dispersion of repolarization associated with
the correspondent ECG changes would lead to the lower
incidence of reentrant arrhythmias. However, the clear
electrophysiological and electrocardiographic effects of
echinochrome did not result in an antiarrhythmic action, at
least in the framework of the present experimental model.
This negative result of the study could be due to the fact
that the echinochrome related change of the dispersion of
repolarization did not reach a definite (though unknown)
threshold in face of unexpected and disadvantageous QRS
prolongation associated with echinochrome. This obser-
vation is also consistent on one hand with the data of
Coronel et al. [23] who pointed out that the dispersion
of repolarization could not solely predict reentrant
arrhythmias, and on the other hand, with the findings
suggesting that the benefit of clinical use of antioxidant
agents remains equivocal [24,25].
Conclusions
The study demonstrated the ability of the antioxidant
echinochrome to decrease the ischemia-induced alter-
ations of ventricular repolarization in a dose-dependent
manner in a feline model of coronary occlusion. The
dynamics of the repolarization dispersion changes could
be assessed by the measurements of the longitudinal
T wave amplitude dispersion, Tpeak–Tend and QTc
intervals from the body surface ECGs. However, the
attenuation by echinochrome of the ischemia-induced
alterations of dispersion of repolarization did not result in
the lowering of the incidence of ventricular arrhythmias
during the ischemic episode.
Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.jelectrocard.2015.01.003.
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Assessment of repolarization heterogeneity for prediction of ventricular 
tachyarrhythmias
The objective of the next step of the study was to investigate the role of repolarization 
heterogeneity in arrhythmia occurrence under ischemia/reperfusion settings.
The following tasks were stated:
- to find out which parameters of the myocardial repolarization predict the VT/VF,
- to determine the ECG expression of these parameters.
Intramyocardial electrograms were recorded in 24 cats during 30-minute coronary occlusion 
and subsequent reperfusion to find out specific parameters of myocardial repolarization 
contributing as predictors of VT/VF at reperfusion and to determine the ECG expression of 
these specific parameters.
At reperfusion onset, 10 cats demonstrated ventricular tachyarrhythmias (4 VF and 6 VT 
episodes). This VT/VF group showed the longer of ARIs in nonischemic zone [183 (177;202) 
vs 154 (140;170) ms in susceptible and resistant animals, respectively, p<0.05]. This 
observation has been explained by the changes in the area adjacent to the ischemic zone which 
was identified as nonischemic by Evans blue staining but still demonstrated 
electrophysiological changes. This region is referred to as the “border” zone. As a result, the 
animals with reperfusion-induced VT/VF demonstrated the prolonged RTs in nonischemic area.
It should be noted that heart rate was slower at baseline state and during ischemia/reperfusion 
exposure in fibrillating cats in comparison to nonfibrillating.
The differences between the VT/VF and no VT/VF groups were evaluated using following 
electrophysiological parameters at 1 min of reperfusion: RTs, ATs, global and transmural 
dispersion of repolarization, RR. The groups demonstrated differences in RR interval, RTs of 
nonischemic zone and RTs of ischemic zone. Transmural and global RT dispersion, AT delay 
did not differ between the groups at 1 minute of reperfusion. Only the nonischemic RTs were
significant predictors of VT/VF in a multivariate logistic regression model. ROC curve analysis 
showed significant association between VT/VF occurrence and nonischemic RTs (AUC 0.854, 
P = 0.004). The nonischemic RTs greater than a cutoff value of 173 ms predict VT/VF with 
sensitivity 0.900, specificity 0.786, positive predictive value 0.750 and negative predictive 
value 0.909.
40
The next step of the analysis was to investigate how the long nonischemic RTs which are 
primarily essential for the arrhythmic events could be expressed in ECG. Simulations were 
carried out in the framework of a computer model of the feline heart ventricles. The critical 
point of the model was that the APD changes in the border zone were simulated in two ways: 
1) as a progressive transition between normal and ischemic APD values and 2) with the APD 
prolongation in the border zone. These two patterns of APD changes corresponded to the data 
obtained in the arrhythmia-resistant and susceptible animals. The body surface potentials were 
then computed for these two settings. The prolongation of APD in the border zone resulted in 
prolonged, biphasic T wave with the negative terminal potential in the leads mostly proximal 
to the heart. In the case of the progressive APD shortening in the border zone of ischemia the 
T wave was monophasic.
In conclusion, reperfusion ventricular tachyarrhythmias were predicted by prolonged 
repolarization times in the border/nonischemic area, which was expressed in precordial terminal 
T wave inversion as demonstrated by computer simulations (for more details, see Bernikova et 
al, 2017).
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a b s t r a c ta r t i c l e i n f o
Available online xxxx Background: Aim of the study was to ﬁnd out which myocardial repolarization parameters predict reperfusion
ventricular tachycardia and ﬁbrillation (VT/VF) and determine how these parameters express in ECG.
Methods: Coronary occlusion and reperfusion (30/30 min) was induced in 24 cats. Local activation and end of
repolarization times (RT) were measured in 88 intramyocardial leads. Computer simulations of precordial
electrograms were performed.
Results: Reperfusion VT/VF developed in 10 animals. Arrhythmia-susceptible animals had longer RTs in perfused
areas [183(177;202) vs 154(140;170) ms in susceptible and resistant animals, respectively, P b 0.05]. In logistic
regression analysis, VT/VFs were associated with prolonged RTs in the perfused area (OR 1.068; 95% CI 1.012–
1.128; P = 0.017). Simulations demonstrated that prolonged repolarization in the perfused/border zone caused
precordial terminal T-wave inversion.
Conclusions: The reperfusion VT/VFs were independently predicted by the longer RT in the perfused zone, which
was reﬂected in the terminal negative phase of the electrocardiographic T-wave.
© 2017 Elsevier Inc. All rights reserved.
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Introduction
Life-threatening arrhythmias arising in the setting of acute coronary
syndrome during either ischemic or reperfusion phases potentially lead
to the sudden cardiac death and constitute a major medical and public
problem. A distinct subset of ventricular arrhythmias including ventric-
ular ﬁbrillation (VF) and ventricular tachycardia (VT) is related to reper-
fusion. The presence of reperfusion therapy related VT/VF has been
shown to confer an independent mortality risk factor [1]. Development
of prognostic criteria for fatal ventricular arrhythmias in the ischemia/
reperfusion conditions remains a major research challenge.
VT/VF development requires a coexistence of a speciﬁc functional
myocardial substrate and a triggering mechanism. Activation
slowing which can be documented as QRS widening is recognized as a
deﬁnite proarrhythmic factor which constitutes the arrhythmogenic
substrate by a reentrant circuit. Alterations of repolarization contribute
to both the substrate and triggering, e.g., shortening and lengthening of
repolarization predispose to delayed and early afterdepolarization,
respectively, serving as the trigger, and dispersion of repolarization/
refractoriness deﬁned as a time difference between the earliest and
the latest end of repolarization times provides conditions for
unidirectional conduction block [2]. However, the role of the
repolarization alterations in arrhythmic susceptibility is not clear as
compared to activation. Increasing the dispersion of repolarization
does not necessarily result in the development of ventricular
arrhythmias [3]. This notion is also supported by the fact that different
indices suggested for the estimation of the dispersion of repolarization
such as QT dispersion [4] or Tpeak-Tend interval [5,6] often give unsatisfac-
toryor conﬂicting resultswhenutilized clinically. Changesofmyocardial re-
polarization in ischemic conditions are complex. Action potential duration
(APD) undergoes a sequential evolution from initial transient prolongation
[7] to further prominent shortening [8]. In vitro studies have demonstrated
that repolarization parameters in subepicardial layers were more sensitive
to the ischemic insult leading to increase of transmural dispersion of
repolarization [9,10], whereas no transmural differences in the ischemia
effects on repolarization were observed in vivo [11,12].
The aim of the study was to ﬁnd out speciﬁc parameters of myocar-
dial repolarization contributing as predictors of VT/VF at reperfusion
and to determine the ECG expression of these speciﬁc parameters.
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Methods
Experimental setup
The experiments were performed in 24 healthy adult mongrel cats
weighing from 2,5 to 4,5 kg. The investigation was carried out in
accordance with the Guide for the Care and Use of Laboratory Animals,
8th Edition published by the National Academies Press (US) 2011 and
was approved by the institutional ethical committee. Animals
were anesthetized with zoletil (ZOLETIL® 100, Virbac S.A., Carros,
France, 15 mg/kg, i.m.) and xylazine (XYLA, Interchemie, Castenray,
Netherlands, 1 mg/kg, i.m.). The animals were intubated and ventilated
artiﬁcially. The thorax was opened by a midsternal incision. To prevent
cooling, the surface of the heart was moistened intermittently with
warm saline. A catheter (internal diameter 0.6 mm) was introduced
into aorta via the left carotid artery and attached to a pressure transduc-
er SP844 (50 V V–1·(cm Hg)–1; MEMSCAP, France). The arterial blood
pressure was monitored and measured with the Prucka Mac-Lab 2000
system (GE Medical Systems, Germany) in the course of experiments.
Twelve ﬂexible custom-made plunge multipolar electrodes were
inserted perpendicularly by means of a suture needle into the anterior
and lateral left ventricular (LV) wall at the basal, middle and apical
levels and into the base and the apex of the right ventricular (RV)
wall. Each of the LV and RV electrodes bore equidistantly separated
eight or four unipolar leads, respectively. Electrodes were fabricated
with isolated 70-μm copper wires, ﬁxed with a knot on a 0.8-mm vicryl
thread. After the electrode placement, the heartwas allowed to stabilize
for 30 min. Then the transient ligation with a polycaproamide ligature
(No 3-0) was done at the border of the lower and middle third of the
left anterior descending coronary artery (LAD). 30 min coronary occlu-
sion was followed by 30 min of reperfusion produced by the loosening
of the ligature. The data were sampled at baseline, at 1 and 30 min
after LAD ligation, and at 1 min of reperfusion.
Electrophysiology recordings
88 unipolar electrograms were simultaneously recorded from
subepicardial, midmyocardial, and subendocardial layers in spontane-
ously beating hearts by means of a custom-designed system (16 bits;
bandwidth 0.05 to 1000 Hz; sampling rate 4000 Hz). In each lead, an ac-
tivation time (AT), end of repolarization time (RT), and activation-
recovery interval (ARI) were determined as a minimum of the ﬁrst
time derivative of potential during QRS complex, a maximum time de-
rivative during T-wave, and the time difference between the former
and the latter, respectively [13]. A transmural RT dispersionwas quanti-
ﬁed as a difference between the maximal and minimal RT values from
epicardial (Epi), intramural (Inm) and endocardial (Endo) in each
lead. A global RT dispersion was calculated as a difference between
the maximal and minimal RT values from all leads. The corrected ARIc
was calculated by the equation ARIc = ARI-0.175 × (RR-300) [14].
At the end of each experiment, Evans blue dye (Sigma-Aldrich
GmbH, Germany) was injected into the aorta after LAD reocclusion in
Fig. 1. A-The ischemic and border zones corresponded to the LAD occlusion. B-The different (I, II) simulated APD changes in the border zone depending on the proximity to the ischemic
zone (0% – the region of normal perfusion, 100% – the region of ischemia). APDN – the APD value in the model cell, corresponding to the normal APD distribution in the model. I – the
shortening of APD in the border zone, II – the prolongation of APD in the border zone.
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the same place for the determination of perfused (blue-colored) and
nonperfused, or ischemic, (non-dyed) areas of ventricularmyocardium.
The extent of ischemic damagewas assessed as a percentage ratio of the
area of the noncontrasted zone to the area of the anterior surface of the
heart determined on the calibrated paper and expressed in squaredmil-
limeters. The border zonewas identiﬁed as a perfused (stained by Evans
Fig. 2. The electrograms registered in the course of the LAD occlusion and reperfusion of no VT/VF group (A) and VT/VF group (B). The electrogramswere recorded from the subepicardial
(epi), intramural (inm) and subendocardial (endo) ventricular layers in the ischemic and border zones.
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blue) area adjacent to the ischemic zone, but still demonstrating elec-
trophysiological changes. The remote perfused myocardium with no
changes in ventricular electrograms was referred to as a nonischemic
zone. The animals were categorized into groups according to presence
or absence of the sustained VT/VF within the early reperfusion period
that would have required deﬁbrillation shock due to dramatic hemody-
namic impairment.
Statistical analysis
Data are expressed asmedians and interquartile intervals. Statistical
analysis was performedwith SPSS package (IBM SPSS Statistics 23). The
Mann-Whitney test was used to compare groups of animals presenting
with VT/VF (VT/VF-susceptible animals, VT/VF group) and those free of
VT/VF (VT/VF-resistant animals, no VT/VF group). Wilcoxon and Fried-
man tests were applied for paired and multiple comparisons, respec-
tively, within the same groups. The association of myocardial
repolarization parameters with VT/VF occurrence was assessed by uni-
variate andmultivariate logistic regression analysis (backward elimina-
tion method) and receiver operating characteristics (ROC) curve
analysis. The differences were considered signiﬁcant at P b 0.05.
Computer simulations
Simulationswere carried out in the framework of a discrete comput-
er model of the heart ventricles, a so-called cellular automaton, adapted
to the feline heart ventricular and torso geometry. The model was de-
veloped on the basis of our previous simulations of the rabbit heart de-
scribed earlier [15] using the experimentally measured anatomical and
electrophysiological parameters of the feline heart. The inputs of the
model were locations of activation foci, activation velocity, amplitude
and duration of action potentials (AP). The initial foci of activation in
the model were set in the interventricular septum, on the border of its
middle and apical thirds, and in the subendocardium of the LV apex.
In the subendocardial layers of the model, the activation velocity was
thrice higher than in the rest of themodel, imitating conducting system.
The AP conﬁgurationwas simulated on the basis of the study [9] and the
normal APD distribution on the basis of experimental intramural ARI
measurements. The outputs of the model were the AT sequence, RT se-
quence and body surface potentials. The simulated RTs were calculated
as a sum of the correspondent ATs and APDs. The body surface poten-
tials were calculated from the ventricular action potential gradients
[15]. The location of the precordial leads in the model was analogous
to those in humans.
The size and location of the ischemic and border zones in the model
(Fig. 1A) corresponded to the experimentally determined ischemic zone
under the LAD occlusion. The ischemic zone was simulated by the acti-
vation velocity decrease by 50%, APD shortening by 50% and the inho-
mogeneous decrease of the AP amplitudes, from 50% in the epicardial
to 20% in the endocardial layers of the model. The changes of the
model parameters mimicking ischemia corresponded to the experi-
mental feline data [9,12]. In the border zone the APDs were changed
in two ways according to the experimental data [12]. The ﬁrst scenario
was the progressive transition between the normal and ischemic APD
values and the other one included the APD prolongation in the border
zone (Fig. 1B). For both ischemic scenarios, AP amplitudes in the border
zone were gradually changed from the ischemic to the normal values.
Results
Myocardial repolarization in ischemia/reperfusion settings
Fig. 2 displays alterations of myocardial electrograms during ische-
mia and reperfusion. Typical elevation of ST-segment was observed in
electrograms recorded from Epi, Inm and Endo layers of the ischemic
zone, whereas electrograms led from the perfused border zone demon-
strated T-wave changes and only moderate ST-segment displacement.
The changes of the studied myocardial electrophysiological parameters
are listed in Table 1. As expected, RTs progressively decreased and ATs
increased during occlusion in the ischemic zone and then progressively
restored during reperfusion. In the perfused zone, RTs remained rela-
tively stable, which led to a signiﬁcant increase of global RT dispersion,
with itsmagnitude being close to a difference between the RTs in the is-
chemic and perfused zones. As Epi, Inm and Endo RTs in ischemic zone
changed uniformly; transmural RT dispersion did not change in the
Table 2
Electrophysiological parameters of the VT/VF group (n = 10) and no VT/VF group (n = 14) at baseline and ischemia-reperfusion settings (medians and interquartile ranges).
VT/VF/
no VT/VF
ATi RTi RTp RR Global DOR Transmural DOR
Baseline 17(16;19)
17(14;19)
186(175;198)
156(139;175)
181 (178;183)
155(148;176)
426(402;431)‡
364(329;383)
34(27;92)
37(28;49)
6(4;9)
5(3;10)
Ischemia 1 min 22(18;26)
20(17;22)
150(132;158)⁎,‡
134(116;144)⁎
177(172;198)
161(148;178)
430(410;487)‡
369(341;385)
61(52;82)
52(44;62)⁎
6(2;9)
7(3;11)
Ischemia 30 min 27(19;32)⁎
21(19;23)⁎
134(122;150)⁎
122(104;140)⁎
185(170;203)‡
159(138;185)
397(378;423)‡
345(313;374)
72(66;86)⁎,‡
57(52;72)⁎
5(4;9)
5(2;9)
Reperfusion 1 min 19(17;27)
20(17;23)⁎
145(136;169)⁎,‡
127(103;135)⁎
189(177;202)‡
154(140;170)
400(388;472)‡
332(313;369)
69(58;85)
61(52;72)⁎
6(4;8)
5(4;9)
Reperfusion 30 min 17(16;19)
18(17;23)
180(160;190)‡
137(127;168)
183(160;190)
157(144;170)
364(283;409)‡
358(328;386)
47(38;74)
53(41;58)⁎
6(5;13)
6(4;8)
ATi (activation time), RTi (repolarization time) of the ischemic zone; RTp (repolarization time) of the perfused zone; DOR-dispersion of repolarization.
⁎ P b 0.05 vs baseline.
‡ P b 0.05 vs no VT/VF group.
Table 1
Electrophysiological parameters at baseline and ischemia-reperfusion settings (medians and interquartile ranges, n = 24).
ATi RTi RTp RR Global DOR Transmural DOR
Baseline 17(15;19) 154(135;178) 154(138;170) 382(353;426) 35(27;53) 5(4;10)
Ischemia 1 min 20(18;24)⁎ 122(112;136)⁎ 150(136;175) 383(359;434) 56(46;67)⁎ 6(3;10)
Ischemia 30 min 21(18;26)⁎ 116(101;132)⁎ 157(138;180) 373(335;403) 65(55;75)⁎ 5(3;10)
Reperfusion 1 min 20(17;26)⁎ 125(98;139)⁎ 159(137;169) 367(328;407) 61(53;76)⁎ 5(4;8)
Reperfusion 30 min 18(16;22) 141(116;164) 151(137;165) 373(336;389) 52(40;61) 6(5;9)
ATi (activation time), RTi (repolarization time) of the ischemic zone; RTp (repolarization time) of the perfused zone; DOR-dispersion of repolarization.
⁎ P b 0.05 vs baseline.
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course of occlusion and reperfusion. Heart rate (RR interval) also
remained unchanged.
VT/VF incidence during reperfusion
In 1–5min after reperfusion onset, 10 cats demonstrated ventricular
tachyarrhythmias (4 VF and 6 sustained VT episodes). At baseline state
and during ischemia/reperfusion, heart rate was slower (RR interval
longer) in the VT/VF-susceptible as compared to VT/VF-resistant ani-
mals (Table 2). Both groups demonstrated similar decrease in RTs re-
corded in the ischemic area, but RTs in the perfused areas differed
between the two groups (Table 2). These differences are at least in
part explained by opposite changes in the border zone [16] adjacent
to the ischemic zone which was identiﬁed as perfused region by Evans
blue staining, but still demonstrated electrophysiological changes. In
this border zone, the VT/VF-resistant cats demonstrated a decrease in
rate-corrected ARIs presenting a progressive transition from the ische-
mic to normal myocardium [129(115;142) ms and 123(113;138) ms
at baseline and at 1 min of reperfusion, respectively, P= 0.046]. In con-
trast, in VT/VF-susceptible animals, the rate-corrected ARIs increased in
the border area [136(118;144)ms and 145(137;152)msat baseline and
at 1min of reperfusion, respectively, P= 0.011]. This effect is consistent
with our previous observation [12]. The increase in repolarization dura-
tion (ARIs) expressed in development of a terminal T-wave inversion
seen in the electrograms led from the border zone in the arrhythmia-
susceptible animals (Fig. 2).
Myocardial repolarization predictors of VT/VF
We evaluated the differences between the VT/VF and no VT/VF
groups in following electrophysiological parameters at 1 min of
reperfusion (a timepoint preceding all VT/VF episodes): RTs, ATs, global
and transmural dispersion of repolarization, RR. The groups differed
between each other in RR interval, RTs of the perfused zone and RTs of
the ischemic zone, whereas the transmural and global RT dispersion,
AT delay did not differ between the groups at 1 min of reperfusion
(Table 2). There were no statistically signiﬁcant differences between
groups in the size (area) of the ischemic zone. The area of the
ischemic zone was 20(15;22)% and 18(14;21)% of the area of the
anterior heart surface in VT/VF-susceptible and VT/VF-resistant cats,
respectively (P = 0.462).
In a univariate logistic regression analysis RTs in the perfused areas
and RR intervals demonstrated signiﬁcant association with the occur-
rence of VT/VF during reperfusion. Only RTs in the perfused areas
remained signiﬁcant predictors of VT/VF in a multivariate logistic re-
gressionmodel (Table 3). ROC curve analysis (Fig. 3) showed signiﬁcant
association between VT/VF occurrence and RTs in the perfused areas
(AUC0.854, P=0.004). The RTs in theperfused areas greater than a cut-
off value of 173 ms predict VT/VF with sensitivity 0.900, speciﬁcity
0.786, positive predictive value 0.750 and negative predictive value
0.909.
ECG imaging of prolonged repolarization in the perfused zone
(computer simulation)
Computer simulation was performed in order to ﬁnd out ECG
markers of the long RTs in the perfused areaswhichwere demonstrated
to be a repolarization predictor of reperfusion VT/VF. Normal activation
sequence was from apex to base and from endo- to epicardium and the
latest areas to be activated were subepicardium of the LV base and the
right subendocardium of the septal base. In ischemia, activation slowed
by 50% in the nonperfused zone, which resulted in a prolongation of the
total activation time (by 23%, or 46 ms vs 38 ms), and a shift of the area
of the latest activation to the LV lateral subepicardium (Fig. 4A).
According to APD distribution and activation sequence (Fig. 4A), the
model had a repolarization sequence from apex to base, from LV to RV
and from anterior wall to posterior wall under normal conditions
(Fig. 4A). Ischemia altered repolarization in the apical portion of the
ventricles. In case of APD shortening in the border zone of ischemia
(Fig. 4A, panels Ischemic I), the general pattern of repolarization was
not changed; because the ischemic zone with short APDs and early
RTs coincided with the zone of the early RTs under the normal condi-
tions. In case of APD prolongation in the border zone of ischemia
(Fig. 4A, panels Ischemic II), the area of the latest RTs moved from the
base to the apical portion of the ventricles.
The delayed activation in the ischemic zone expressed in a widening
and little loss of the QRS voltage (Fig. 4B). The elevation of the ST-
segment was observed in all the simulated precordial leads, especially in
the leads most proximal to the heart (V2–V4). In case of APD shortening
in the border zone of ischemia, T-wave wasmonophasic (Fig. 4B, panel Is-
chemic I), whereas lengthening the border APDs resulted in the T-wave
prolongation and development of a terminal phase of negative potential
in the leads proximal to the heart (V2–V3) (Fig. 4B, panel Ischemic II).
Discussion
The prevention of life-threatening arrhythmias during the ischemic
attack requires the establishment of reliable signs which herald the
impending VT/VF. These ECG markers could relate to the processes of
Fig. 3. Receiver operating characteristic curve analysis.
Table 3
Reperfusion VT/VF association with parameters of repolarization observed at 1 min of
reperfusion.
Variables Univariate regression model Multivariate regression model
OR 95% CI P OR 95% CI P
DOR 1.032 0.981–1.085 0.221
RTi 1.032 0.999–1.065 0.057
RTp 1.068 1.012–1.128 0.017 1.068 1.012–1.128 0.017
RR 8.868 E
+ 10
51.971–1.513
E + 20
0.020 17,387,249 0.001–4.391 E
+ 17
0.173
RTi, RTp – repolarization time of ischemic and perfused zones, respectively; DOR– dispersion
of repolarization.
The bold data had a statistical signiﬁcance (Pb0.05).
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ventricular depolarization and repolarization. The QRS prolongation
and J-wave pattern have been reported to be predictors of VF in acute
ischemia [17]. In the present study, we attempted to ﬁnd out which
change of ventricular repolarization was responsible for the
proarrhythmic properties.
When different parameters of ventricular repolarization were test-
ed, only long RTs in the perfused areas independently inﬂuenced the ar-
rhythmic susceptibility. The prolonged RTs in the perfused zone
resulted from the lengthening of repolarization in the border zone.
The published data concerning electrophysiological parameters of the
border zone are not consistent. Speciﬁcally, the border zone has been
reported to have a shortened [18] or prolonged refractory period [16].
The latter refractory period prolongation in the border area could pro-
vide a substrate for initiation ofmalignant ventricular tachyarrhythmias
[19]. Due to a limited number of intramural electrodes we could not an-
alyze repolarization in the border zone separately from the “true”
nonischemic zone, but were necessitated to pool all the
electrophysiological data obtained from the perfused regions together.
However, our analysis combined with simulations yielded a result that
the electrophysiological properties of the perfused/border area can af-
fect arrhythmogenesis in the conditions of acute coronary syndrome.
A paradoxical consequence of these ﬁndings is that a treatment
preventing malignant arrhythmias during anischemic attack should be
targeted not to the damaged regions (a therapeutic agent can be hardly
delivered to the nonperfused regions), but to the perfused areas which
could be much more easily treated during an ischemic episode.
Mechanisms of development of early reperfusion arrhythmias
could be associated with appearance of reentry waves due to the
heterogeneity of the recovery of excitability in the myocardium [20]
and development of trigger activity during reperfusion [21,22]. The in-
creased border zone RTs could inﬂuence arrhythmogenesis in two
ways. First, since APD dramatically shortened in a“true” ischemic
zone, the greater the RT in perfused areas, the greater the RT dispersion.
Dispersion of repolarization has long been recognized as a
Fig. 4. A–The transversal views of the simulated normal and ischemic activation sequence, APD distribution and RT sequence. The time is given from the onset of activation. The scale
depicts time from activation onset. B–The normal and ischemic simulated precordial leads. I – the shortening of APD in the border zone, II – the prolongation of APD in the border zone.
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proarrhythmic factor [3], which underlies the unidirectional conduction
block and reentrant substrate. However, RT dispersion did not predict
arrhythmias. Another explanation for the role of prolonged border
zone RTs in arrhythmic susceptibility could be an increased propensity
to early afterdepolarizations triggering activity [21].
The simulations suggested that the APD prolongation in the border
zone produced the negative terminal phase of the T-wave in the precor-
dial leads (Fig. 4B). The APD increase in the border zone shifted the area
of the latest RTs from the basal part toward the apex. This resulted in the
inversion of the general T-vector in the terminal period of repolariza-
tion. However, itsmagnitude during this periodwas small, and as a con-
sequence, these changes were detectable only in the torso leads closest
to the heart. Thus, this alteration in the T-wave morphology could be
readily discerned. Experimentally we could not test this suggestion di-
rectly as the thoraxwas opened andprecordial ECG recordingswere im-
possible. However, the similar T-wave morphologywas seen in animals
with VT/VF in the anterior wall myocardial leads (Fig. 2) and was ex-
pected to be expressed in precordial leads. These ﬁndings suggest that
the terminal T-wave inversion indicative of border APD prolongation
could serve as a predictor of the fatal ventricular tachyarrhythmias.
Many attempts were undertaken to assess myocardial repolarization
(repolarization dispersions) from ECG parameters and to use these param-
eters as predictors of ventricular arrhythmias. Among these, QT dispersion
has been compromised [4], and the clinical utility of the Tpeak-Tend inter-
val remains ambiguous [5,6,23,24]. To some extent, this uncertainty could
be due to technical issues concerning the T-wave end determination. Prog-
nostic criteria based on morphological or amplitude ECG indices would be
more promising. The presence of terminal T-wave inversion could be useful
for the VT/VF prognosis in ischemic attack as it could be clearly seen in ECG
tracings. However, experimental conditions impose inevitable limitations
on interpretation of the ﬁndings andwhether this ECGmarker could really
serve as a VF predictor in clinical settings is subject to further testing.
Conclusions
The longer RTs in the perfused zone at the beginning of reperfusion
were found to be an independent predictor of fatal ventricular arrhyth-
mias during the reperfusion period. The simulations showed that the
lengthening of action potential durations in the border zone was mani-
fested in the precordial ECG leads by the terminal T-wave inversion
which could be further evaluated as a VT/VF predictor in clinical settings.
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Discussion
Alterations of repolarization heterogeneity in the heart has been established as an 
arrhythmogenic factor predisposing to malignant cardiac arrhythmias which can result in 
sudden cardiac death. Electrocardiogram represents the most convenient and cost-effective 
method of monitoring electrical activity of the heart, however, the relation between ECG 
morphology and repolarization heterogeneity is not clear. Therefore, the present study was 
designed to contribute to improvement of diagnostic power of the ECG methods in the
prevention and treatment of malignant arrhythmias. The specific parameters of myocardial 
repolarization that could serve as predictors of ventricular tachyarrhythmias were determined 
and electrocardiographic manifestation of these parameters were suggested.
Dispersion of repolarization in the intact heart and Tpeak-Tend interval
The non-uniformity of action potential duration in different layers and areas of ventricles 
and the depolarization sequence are responsible for the heterogeneity of repolarization in the 
ventricles and for the genesis of T wave in body surface ECGs. Dispersion of repolarization 
being a quantitative index of repolarization heterogeneity is defined as the time difference 
between the earliest and the latest repolarization time (Burton, Cobbe, 2001). The Tpeak–Tend 
interval is considered as a marker of the repolarization dispersion, however, the 
electrophysiological basis for it is not clear. Specifically, the contribution of the transmural 
repolarization gradient to the T-wave development and remains controversial. The transmural 
repolarization gradient is considered as the key factor for the genesis of T-wave in ECG, as 
supported by the discovery of M cells in the isolated wedge preparation (Yan, Antzelevitch, 
1998; Patel et al, 2009). However, originally, in the 19th century, the T-wave was established
to result from the apicobasal heterogeneity of repolarization in the ventricles (Opthof et al, 
2009). Recent studies confirm this original concept and consider the T-wave in the body surface 
ECGs as a result of apicobasal and anterior–posterior differences in repolarization times, 
rejecting significant repolarization gradients between endocardium and epicardium in the intact 
heart (Janse et al, 2012, Arteyeva, Azarov 2017). Experimental measurements in this study 
demonstrated the presence of the transmural gradient in the intact heart but the contribution of 
the transmural APD gradient to the Tpeak-Tend interval was minor to that of the apicobasal 
APD gradient and apicobasal AT difference.
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Therefore, the Tpeak-Tend interval reflects the global dispersion of repolarization (dominant 
repolarization gradient), which can differ between intact heart with prevalent apicobasal and 
interventricular gradients and myocardial wedge preparation having the transmural gradient 
only. The prognostic value of the Tpeak-Tend interval for assessment of the global dispersion 
of repolarization was confirmed but there could be some technical issues concerning the T-
wave end determination for pathologically changed T-wave morphology.
Assessment of repolarization heterogeneity alterations
Ischemia-related alterations of myocardial action potential (Carmeliet, 1999) provide the 
increase of the dispersion of repolarization due to local APD shortening in the ischemic area. 
In this study, the echinochrome was applied as antioxidant to minimize the extent of the above 
mentioned changes. Accordingly, the ischemia-induced increase of repolarization 
inhomogeneity was associated with the increase of the QTc and Tpeak-Tend intervals in the 
limb leads in controls but the attenuation of repolarization changes by echinochrome abolished 
the corresponding ECG alterations. The differences between controls and echinochrome given
could be related to the apicobasal gradient of repolarization. The role of transmural gradient 
was not significant, due to uniform electrophysiological changes in epicardial, intramural and 
endocardial layers of the ischemic zone and, consequently, unchanged transmural 
repolarization gradient (Sedova et al, 2013). The effectiveness of the Tpeak-Tend interval to 
assess the ischemic-induced increase of repolarization dispersion was supported by our 
experimental model of diabetes mellitus (Sedova et al, 2016, App. A) and in the simulation 
study in the rabbit heart (Arteyeva, Azarov, 2017).
The clinical use of the QT and Tpeak-Tend intervals as a marker of repolarization 
heterogeneity for prediction of ventricular arrhythmias are not clear (Panikkath at al. 2011, 
Smetana et al. 2011, Porthan et al. 2013, Hetland et al. 2014). Clinically unsatisfactory 
predictive values of these indices could be due to the technical difficulty of the T wave end 
measurement. Thus, the T-wave voltage determinations could present an alternative approach 
for the evaluation of the repolarization dispersion. Present study demonstrated the relation 
between longitudinal T-wave amplitude dispersion and epicardial dispersion of repolarization 
during ischemic exposure. Therefore, the measurement of the differences between the T-wave 
voltages in the “basal” and “apical” precordial leads might present a useful tool for the 
evaluation of myocardial dispersion of repolarization (Sedova et al. 2015). This hypothesis was 
confirmed in our parallel research aimed to investigate the contribution of ventricular 
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repolarization dispersion and RT gradients to electrocardiographic T wave parameters in 
experimental rabbit diabetes mellitus model. It was found that the alterations in the myocardial 
RT gradients (apicobasal, interventricular, anteroposterior) could be assessed by corresponding
T-wave amplitude dispersion (Sedova et al. 2017, app. B)
Reduction of the dispersion of repolarization and corresponding ECG changes after 
application of antioxidant agent did not influence the incidence of reentrant arrhythmias.
Additional study of repolarization heterogeneity in diabetic rabbits demonstrated that either 
decreased or increased apicobasal repolarization gradient did not reflect the vulnerability of the 
heart to arrhythmias (Ovechkin et al. 2015, app. C). This observation is consistent with the 
suggestion that the dispersion of repolarization could not solely predict reentrant arrhythmias
(Coronel et al, 2009).
Thus, the findings suggest that longitudinal T-wave amplitude dispersion, Tpeak-Tend and 
QTc intervals could serve as indicators of the repolarization dispersion but cannot reflect 
myocardial vulnerability to tachyarrhythmias (Sedova et al, 2015).
Prediction of ventricular tachyarrhythmias in ischemia/reperfusion model
The prevention of life-threatening arrhythmias during the acute coronary syndrome requires 
reliable ECG markers that may be related either to the processes of ventricular depolarization 
or/and repolarization. The QRS prolongation and J wave pattern have been reported to be 
predictors of VF in acute ischemia (Demidova et al, 2014). In the present study, ventricular 
repolarization parameters involved in VT/VF development were revealed. The prolongation of 
the nonischemic RTs, due to corresponding alterations in the area adjacent to the ischemic zone 
(so-called “border” zone) was recognized as independent predictor for arrhythmic event. The 
increased nonischemic RTs could influence arrhythmogenesis in two ways. First, under 
conditions of local APD shortening in the ischemic area, the longer nonischemic (border) APD
provided the greater dispersion of repolarization underlying the unidirectional conduction block
and reentrant arrhythmias. This concept is supported by the fact that the experimentally 
measured border RT dispersion is larger in VT/VF group, however, dispersion of repolarization 
(either global, or transmural) did not serve as an independent predictor of arrhythmias. Second
possible mechanism of arrhythmic susceptibility could be related to the local prolongation of 
repolarization and development of early afterdepolarizations in the border zone (Weiss et al. 
2010). This triggering mechanism in combination with the increased dispersion of 
repolarization could result in the development of VT/VF. Thus, the treatment for prevention of 
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malignant arrhythmias during the ischemic attack could be targeted to the nonischemic areas, 
which could be treated much more easily during the ischemic episode.
Computer simulations were applied to found out the ECG index of the long nonischemic 
RTs recognized as independent predictors of the life-threatening ventricular arrhythmias. It was
suggested that the APD prolongation in the border zone produced the negative terminal phase 
of the T wave in the precordial leads. This suggestion could not be tested directly in the 
experiment as the thorax was opened and recording of precordial ECG leads was impossible. 
However, similar myocardial electrograms were consistently recorded in the anterior wall leads 
in animals with VT/VF. Thus, the terminal T wave inversion reflecting the border APD 
prolongation could serve as a predictor of the fatal ventricular tachyarrhythmias. Our findings 
are in agreement with the recent study demonstrating an association between increase of the 
Tpeak-Tend interval and ischemia-induced ventricular fibrillation in a porcine myocardial 
infarction (Azarov et al. 2017). Likewise, the combination of the ST segment elevation and the 
T wave inversion was suggested as predictor of the spontaneous reperfusion arrhythmias in 
anterior STEMI patients (Hira et al. 2014).
Therefore, taking into account that among ECG parameters considered as predictors of 
ventricular arrhythmias, QT dispersion has been compromised (Zabel et al. 1998), and the 
clinical utility of the Tpeak-Tend interval remains ambiguous (Smetana et al. 2011, Porthan et 
al. 2013, Hetland et al. 2014), the prognostic criteria based on the morphological or amplitude 
ECG indices are much more promising. The presence of terminal T-wave inversion could be 
useful for the VT/VF prognosis during ischemic attack as it could be clearly seen in the ECG 
tracings.
Limitations
The interpretation of the findings in the present study should be made with account of some 
limitations. Results of the animal experiments have contributed to underfunding of the value of 
ECG repolarization indices in prediction reperfusion-induced ventricular tachyarrhythmias 
during acute coronary syndrome, but in clinical settings their value in diagnostic strategies 
remain unclear. Our experimental animal model included only the left anterior deseeding 
coronary artery occlusion, during uniform duration of ischemia. The issues regarding 
applicability of the predictors of fatal arrhythmias for different localization of ischemic injury 
or duration of ischemia require feather clinical studies.
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Conclusions
The presence of transmural and apicobasal differences in repolarization durations was found 
in the ventricular myocardium in vivo. The simulations demonstrated that the global dispersion 
of repolarization resulting from the apicobasal and transmural repolarizations gradients is 
reflected in the Tpeak-Tend interval in body surface electrocardiogram (Arteyeva et al. 2013).
Under ischemic conditions the global, apicobasal, and borderline dispersions of 
repolarization increased, whereas the transmural gradients did not change (Sedova et al. 2013).
The increase of borderline, apicobasal and global dispersions of repolarization was 
associated with prolongation of the Tpeak-Tend and QTc interval as well as the longitudinal T
wave amplitude dispersion in the precordial leads (Sedova et al. 2015, Sedova et al 2016).
The reperfusion VT/VFs were independently predicted by longer RTs in the nonischemic 
zone reflected in the terminal negative phase of the electrocardiographic T wave, which 
warrants further evaluation in clinical settings (Bernikova et al. 2017 In press: J Electrocardiol).
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Summary 
Aims of the study were to compare the development of 
electrocardiographic responses of the ischemia-induced 
heterogeneities of activation and repolarization in the ventricular 
myocardium of normal and diabetic animals. Body surface ECGs 
and unipolar electrograms in 64 epicardial leads were recorded 
before and during 20 min after the ligation of the left anterior 
descending artery in diabetic (alloxan model, 4 weeks, n=8)  
and control (n=8) rabbits. Activation times (ATs), end of 
repolarization times (RTs) and repolarization durations 
(activation-recovery intervals, ARIs) were determined in ischemic 
and periischemic zones. In contrast to the controls, the diabetic 
rabbits demonstrated the significant prolongation of ATs and 
shortening of ARIs (P<0.05) during ischemia in the affected 
region resulting in the development and progressive increase of 
the ARI and RT gradients across the ischemic zone boundary. 
The alterations of global and local dispersions of the RTs in 
diabetics correlated with the Tpeak-Tend interval changes in the 
limb leads ECGs. In the ischemic conditions, the diabetic animals 
differed from the controls by the activation delay, significant 
repolarization duration shortening, and the increase of local 
repolarization dispersion; the latter could be assessed by the 
Tpeak-Tend interval measurements in the body surface ECGs. 
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Introduction 
 
The excessive myocardial electrical 
heterogeneity dictates the level of electrical instability of 
the heart, whereas the myocardial ischemia is a major 
event exacerbating electrical inhomogeneities and leading 
to malignant ventricular arrhythmias. Clinical studies 
have found that diabetes mellitus (DM) enhances the risk 
of ventricular tachyarrhythmias and mortality in acute 
myocardial infarction even more (Cho et al. 2002, 
Dziewierz et al. 2010, Sanjuan et al. 2011). On the other 
hand, experimental studies of diabetic hearts 
demonstrated either the increased (Hekimian et al. 1985, 
Bakth et al. 1986, Wang et al. 2012) or decreased 
(Kusama et al. 1992, Ravingerová et al. 2000, Galagudza 
et al. 2007, Matejíková et al. 2008) susceptibility to 
ventricular arrhythmias in ischemic conditions. Spooner 
(2008) pointed out that DM while worsening the long-
term prognosis does not affect the susceptibility to 
ventricular arrhythmias in acute settings in patients with 
cardiovascular diseases. Some clinical observations 
suggested that the susceptibility to ventricular 
arrhythmias could be related to concomitant factors such 
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as hypoglycemic episodes or medication (Chow et al. 
2014, Curione et al. 2014, Pistrosch et al. 2015). These 
conflicting data on the electrical stability of the heart in 
diabetes mellitus under ischemia suggest that the diabetic 
myocardium may have a specific electrophysiological 
response to the ischemic insult. 
The diabetic cardiomyopathy is associated with 
the electrophysiological alterations in the myocardium. 
The DM-related changes in the cardiac electrical 
properties, specifically the prolongation of action 
potential durations, have been well documented at the 
cellular level (Magyar et al. 1992, Zhang et al. 2007, 
Lengyel et al. 2008, Gallego et al. 2009). Equally 
important would be largely lacking thus far data on the 
distribution of the electrophysiological properties 
throughout the myocardium and its dynamical changes in 
ischemia. This spatiotemporal electrical pattern is 
quantitated as a dispersion of repolarization that is, 
in turn, attempted to be assessed by ECG. For this 
purpose, several ECG indices were considered, including 
Tpeak-Tend interval, a promising index for the estimation of 
the dispersion of repolarization. Clinical investigations 
either supported (Panikkath et al. 2011, Hetland et al. 
2014, Mozos 2015) or opposed (Smetana et al. 2011, 
Porthan et al. 2013) to its prognostic utility suggesting 
that electrophysiological information content of Tpeak-Tend 
interval could vary in different conditions. Tpeak-Tend 
interval has been also tested in diabetic patients 
(Clemente et al. 2012, Miki et al. 2014). However, the 
behavior of the Tpeak-Tend and its relation to the dispersion 
of repolarization in an arrhythmogenic stress conditions, 
such as myocardial ischemia, is largely unknown in the 
setting of DM.  
The objective of the present study was to 
compare the ischemia-induced changes of ventricular 
epicardial activation and repolarization patterns and their 
expressions in the parameters of the body surface ECGs 
in normal and diabetic rabbit hearts.  
 
Methods 
 
The experiments were carried out in adult 
Chinchilla rabbits (age from 7 to 9 months, body mass 
from 2.9 to 3.3 kg). The investigation conformed to the 
Guide for the Care and Use of Laboratory Animals 
(2011). Experimental type 1 DM was induced in 
8 animals (5 females) by a single intravenous alloxan 
injection (120 mg/kg body mass, 4 weeks follow-up), and 
8 healthy animals (4 females) served as controls. DM was 
confirmed by at least double determinations of fasting 
venous blood glucose level more than 7 mmol/l with 
OneTouch glucometer (LifeScan Inc, USA). The open-
heart experiments were consistently done during the 
daytime hours (from 11-00 to 13-00) on the animals 
anesthetized with zoletil (15 mg/kg body mass, 
intramuscular injection), intubated and mechanically 
ventilated. The heart was exposed by a midsternal 
incision. The temperature of the heart was maintained at 
37-38 ºC by the irrigation with warm saline and warming 
the room air. An electrode sock with 64 leads (3-5 mm 
interelectrode distance) was placed on the ventricular 
surface, and the unipolar electrograms were 
simultaneously recorded in reference to Wilson’s 
terminal at spontaneous sinus rhythm. The data 
acquisition was done using a custom-designed mapping 
system (16 bits; bandwidth 0.05 to 1000 Hz; sampling 
rate 4000 Hz). 
Electrograms were recorded in the baseline and 
in the course of 20-min ischemia, which was produced by 
the ligation of the left anterior descending coronary 
artery (LAD). Evans blue dye (Sigma-Aldrich GmbH, 
Germany, 0.5 %) was injected postmortemly into the 
aorta. The ischemic zone was determined by the absence 
of Evans blue perfusion, and its size was estimated as the 
area of the figure circumscribed by the leads on the 
border of the ischemic zone. 
Limb lead ECGs were monitored in the course 
of the experiment, and the QRS and QT durations were 
measured in the limb lead II. The corrected QT interval 
was calculated by the equation QTc=QT-0.175×(RR-300) 
(Carlsson et al. 1993). The total duration of the Tpeak-Tend 
interval was measured as a period between the earliest 
Tpeak and the latest Tend in the limb leads. In each 
epicardial lead, the activation time (AT) and the end of 
repolarization time (RT) were determined as dV/dtmin 
during the QRS complex and dV/dtmax during the T wave, 
respectively (Coronel et al. 2006). The activation-
recovery interval (ARI) serving as a measure of local 
repolarization duration was measured as the difference 
between the RT and AT. The averaged values of these 
variables were calculated for different myocardial regions 
and specifically for the ischemic zone and the adjacent 
3 to 5 mm width band of perfused myocardium referred 
to as a periischemic zone. The differences in the ATs, 
ARIs, and RTs between the ventricular regions were 
referred to as gradients (e.g. boundary gradient) and the 
difference between the earliest and the latest RT values 
throughout the ventricular epicardium was referred to as 
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the dispersion of repolarization. 
Statistical analysis was performed with the 
SPSS 11.5 software packages. The data are given as 
medians and interquartile intervals. Wilcoxon test and 
Fridman test with Dunnett post-hoc procedure were 
utilized for the single and multiple comparisons within 
the groups, respectively. Mann-Whitney U-test was used 
to compare different groups of animals. The correlation 
between epicardial mapping indices and ECG parameters 
was evaluated with Spearman rank correlation test as the 
evaluated parameters were not normally distributed. The 
differences were considered significant at P<0.05. 
 
Results 
 
The control and DM groups matched with each 
other for sex, age, body mass and heart to body mass 
ratio. As expected, the glycemia level was significantly 
higher in diabetic animals as compared to controls [15.3 
(8.8; 20.0) mmol/l vs. 5.9 (5.7; 6.3) mmol/l, respectively, 
P<0.01]. RR, QT, QTc and Tpeak-Tend intervals were 
longer in animals with DM, whereas the QRS duration 
was similar in both groups (Table 1). The epicardial AT 
sequences in normals and diabetics were similar and 
directed from the left ventricular (LV) apex to the LV 
base and from the right ventricular (RV) free wall to the 
LV free wall. The spatial distribution of RTs was 
relatively uniform in healthy animals and heterogeneous 
in diabetics. In the latter group, the RV RTs were 
longer than the LV RTs [DM: 134 (119; 142) ms vs. 106 
(104; 114) ms, P=0.012; Control: 115 (106; 127) ms vs. 
114 (99; 119) ms, P>0.05, respectively]. 
 
 
Table 1. ECG parameters in rabbits of control and DM groups [Median and interquartile intervals (25 %, 75 %)]. 
 
 RR, ms QRS, ms QT, ms ????? ? Tpeak - Tend, ms 
Baseline control  
230 
(220; 247) 
33 
(31; 36) 
159 
(147; 160) 
163 
(159; 171) 
41.5 
(39; 45) 
 
DM 
269 
(249; 282) 
32 
(30; 35) 
182 
(171; 186) 
188 
(180; 190) 
49 
(46; 68) 
 P 0.03 ns 0.003 0.009 0.04 
10` ischemia  control 
229 
(209; 247) 
34 
(30; 38) 
147 
(139; 171) 
160 
(153; 180) 
49 
(43; 60) 
 
DM 
252 
(239; 264) 
32 
(31; 36) 
160* 
(151; 169) 
170* 
(160; 175) 
47 
(43; 53) 
 P ns ns ns ns ns 
20` ischemia control 
225 
(205; 240) 
33 
(31; 39) 
147 
(134; 166) 
160 
(151; 177) 
38.5 
(31; 52) 
 
DM 
252 
(243; 267) 
33 
(30; 38) 
155* 
(148; 168) 
164* 
(157; 173) 
50.5 
(37; 54) 
 P ns ns ns ns ns 
 
* P<0.05 vs. baseline; DM, diabetes mellitus; ns, nonsignificant. 
 
 
The size of the ischemic area was similar in the 
diabetic and control animals [75.6 (56.5; 86.0) mm2 vs. 
55.3 (42.4; 63.5) mm2, for control and DM animals, 
respectively, P>0.05]. Isolated premature ventricular 
beats were sporadically observed in both groups. During 
ischemia, the QT and QTc intervals shortened in the DM 
group (Table 1). Coronary occlusion induced changes in 
electrograms recorded from the ischemic zone (Fig. 1), 
but the alterations found in this area differed in the 
control and diabetic animals (Fig. 2). The statistically 
significant activation delay in the ischemic zone was 
found only in diabetics (P<0.05). At 20-min of coronary 
occlusion, there were no statistically significant effects on 
ARIs in the control group. At least in part, this could be 
ascribed to variable individual profiles of ARI changes in 
the control group, which demonstrated either ARI 
shortening or prolongation, while the consistent 
shortening was found in the DM group (Fig. 3).  
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Fig. 1. Representative electrograms led across the ischemic zone 
in the apical third of the anterior left ventricle in the control and 
diabetic rabbits. Electrograms in baseline and ischemia are 
aligned by the activation times (AT, long vertical bars) and the 
end of repolarization times (RT) are indicated by the short 
vertical bars. See nonuniform changes of ARIs (RT-AT 
differences) in the control animals in ischemia.  
 
Ischemia induced the development of specific 
epicardial activation and repolarization patterns (Fig. 4) 
characterized by the abrupt spatial differences in ATs and 
RTs corresponding to the area of ischemia (Fig. 4). Such 
differences were more pronounced in the DM group as 
compared to controls. The substantial ARI shortening in 
diabetics resulted in the development of a boundary ARI 
and RT gradients between the ischemic and adjacent 
periischemic zones, which progressively increased during 
the ischemic episode (Table 2). A significant correlation 
was found between the Tpeak-Tend interval duration and the 
global RT dispersion in the diabetic rabbits under 20-min 
ischemia (r=0.86, P=0.007). In turn, the global RT 
dispersion was associated with the magnitude of the 
boundary RT gradient (r=0.857, P=0.007) which 
accordingly explains the correlation between the  
Tpeak-Tend interval duration and the boundary RT gradient 
found only in the DM group (r=0.714, P=0.047). 
 
Fig. 2. The changes of the activation 
times (AT), activation-recovery intervals 
(ARI) and end of repolarization times 
(RT) in the ischemic zone in the control 
and DM groups. Boxes and bars identify 
the interquartile intervals and maximal 
and minimal values, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2. The changes of activation time gradients, activation recovery interval gradients and end of repolarization time gradients 
between ischemic and periischemic (i/p) myocardium in control and DM groups [Median and interquartile intervals (25 %, 75 %)]. 
 
 Control DM 
AT i/p 
gradients 
ARI i/p 
gradients 
RT i/p 
gradients 
AT i/p 
gradients 
ARI i/p 
gradients 
RT i/p 
gradients 
Baseline (future 
ischemic zone) 0.24(-2.1;0.8) 5.1(0.1;13.2) 5.5(-1.2;12.1) -0.3(-1.0;0.4) 
0.45 
(-3.0;2.4) 
-0.98 
(-3.6;0.9) 
1` ischemia -0.27(-1.1;1.8) 2.8(-2.2;7.6) 3.0(-2.8;13.1) 0.5(-0.3;0.6) -14.8 
(-21.3;-6.7)† 
-15.3 
(-22.4;-5.6) † 
10` ischemia 0.4(-1.0;2.5) 0.6(-12.5;6.0) 0.02(-9.8;7.9) 1.7(0.4;2.9) -20.0 
(-29.6;-16.9)* † 
-22.8 
(-24.1;-11.2)*† 
20` ischemia 0.4(-0.7;2.6) -1.2(-12.2;4.3) -0.7(-10.1;3.6) 1.7(0.5;2.7) -25.3 
(-32.4;-4.3)* † 
-24.5 
(-28.6;-4.5) 
 
* p<0.05 for Dunnett post-hoc test (vs. baseline), † p<0.05 for Mann-Whitney (vs. control). 
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Fig. 3. Individual ARI changes (%) in the periischemic and ischemic zones during the ischemic episode in the control and diabetic 
animals. The baseline value is 100 %. Dashed lines identify for the means. 
 
 
Fig. 4. Representative isochronal maps of activation and end of repolarization times in the control and diabetic animals at 20 min of 
coronary occlusion that produced the regional ischemia (arrows). Numbers on the scales indicate the time elapsed from the QRS onset. 
The left, and right sides of each map correspond to the anterior and posterior surfaces of the ventricles, respectively. The greater 
contrast and “denser” isochrones at the margins of ischemic area demonstrates the greater effects ischemia produced in the diabetic 
animals. DM, diabetes mellitus.  
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Discussion 
 
The prolonged QTc found in the diabetic rabbits 
is consistent with our previous observations 
(Vaykshnorayte et al. 2012, Ovechkin et al. 2015) and 
data obtained in other animal species (Howarth et al. 
?????? ??? ??????? ???????????? et al. 2014). This 
suggested that the average ventricular repolarization 
duration prolonged, presumably due to the 
downregulation of potassium repolarizing currents 
(Magyar et al. 1992, Zhang et al. 2007, Lengyel et al. 
2008, Gallego et al. 2009). The observed interventricular 
RT difference implied that the action potential duration 
lengthening should be heterogeneous in ventricular 
myocardium and be predominantly expressed in the RV 
at least at 1-month follow-up from the DM induction. 
Likewise, the shortening of QT and QTc during the 
ischemic exposure was consistent with the repolarization 
duration shortening in the DM group. 
During ischemia, ATs and ARIs did not change 
significantly in the control group, and the marked 
interindividual variations in the ischemia-induced ARI 
response were observed. It is noteworthy that several 
control animals demonstrated the prolongation of ARIs. 
Verkerk et al. (1996) showed that more than a half of 
rabbit cardiomyocytes demonstrated phasic prolongation 
of action potential duration in ischemic conditions due to 
Ito inhibition. This initial prolongation was followed by 
the shortening of repolarization presumably due to the 
increase of IK(ATP). The similar reaction was observed in 
human cells, which makes these observations clinically 
relevant. The above considerations could explain the 
varied ARI response to ischemia observed in the control 
group. As a result, the slight changes in activation and the 
variable alterations of repolarization caused the RT 
dispersion in the controls to be statistically unchanged. 
Therefore, the difference between diabetics and 
nondiabetics in the repolarization response to ischemia 
was possibly caused by the different relationships 
between Ito-dependent prolongation and IK(ATP)-dependent 
shortening. This concept remains to be further evaluated. 
On the other hand, the diabetics demonstrated 
a significant though small AT delay in the ischemic zone. 
This effect was not expressed in the QRS prolongation 
but could reflect the local changes of the depolarization 
process, for example, the reduced INa in the diabetic 
rabbit myocardium (Stables et al. 2014). In contrast to 
the control group, repolarization durations significantly 
shortened in the ischemic zone that was associated with 
the shortening of QT and QTc intervals on the body 
surface ECG. The difference between the controls and 
diabetics in the reaction of the repolarization duration to 
ischemia could be due to the down-regulation of Ito 
current in the diabetic animals (Gallego et al. 2009). The 
inhibition of this current was shown to be responsible 
for the transient action potential duration prolongation 
in ischemia (Verkerk et al. 1996). Accordingly, such an 
effect was not observed in the DM group. The effects of 
ATs and ARIs oppositely influenced the local RTs thus 
reducing their change. As the magnitude in milliseconds 
of the ARI decrease was greater than the AT increase, the 
boundary RT heterogeneities developed in the diabetic 
myocardium at ischemia. 
Since the diabetic rabbits differed from the 
normals in their electrophysiological response to 
ischemia, the abovementioned alterations of ventricular 
repolarization were likely to be differently expressed 
in the ECG indices in the control and DM groups. 
Theoretically, a correlation between the global RT 
dispersion and the Tpeak-Tend interval duration could be 
expected (Arteyeva et al. 2013) and such a correlation 
was indeed found, but only in diabetics during the 
ischemic exposure. This observation at least in part could 
be explained by the fact that the global RT dispersion in 
the ischemic diabetic myocardium was significantly 
correlated with the newly developed boundary RT 
gradient absent in the control group and the DM group 
before exposure. Our further observation of the 
correlation between the Tpeak-Tend interval duration and 
the boundary RT gradient in diabetics under ischemia 
supports the above explanation. Furthermore, it suggests 
that the measurements of the Tpeak-Tend interval could be 
more effective in the assessment of the local ischemic 
electrical heterogeneities in a subset of patients with DM 
as compared to the nondiabetics.  
 
Limitations  
The limitations of the present study concerned at 
least the short follow-up of DM and the short ischemia 
exposure. It is not excluded that the longer ones could 
lead to the more pronounced electrophysiological effects 
and possibly the spontaneous arrhythmia incidence. 
Repolarization parameters are often reported to be subject 
to sex differences. In the present study, we could not 
specify the effects in males and females. However, the 
diabetic and control groups did not differ significantly 
from each other in the male-to-female ratio, and therefore 
we believe that the observed results could not be 
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attributed to gender effects. Anesthesia could have 
affected the myocardial electrophysiological properties; 
however, we believe that these effects should be similar 
in controls and diabetics and should not significantly 
modify the major findings of the study. 
 
Conclusion 
 
Thus, the more pronounced ischemia-related 
prolongation of activation and shortening of 
repolarization in diabetic animals presumably due to the 
INa and Ito-down-regulation in DM led to the increase of 
local electrical inhomogeneities that in turn could be 
assessed by the Tpeak-Tend interval. The findings of the 
present study suggest that the Tpeak-Tend interval can be of 
different diagnostic utility in different pathological 
conditions. 
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Summary 
In the present study we investigated the contribution of 
ventricular repolarization time (RT) dispersion (the maximal 
difference in RT) and RT gradients (the differences in RT in 
apicobasal, anteroposterior and interventricular directions) to  
T-wave flattening in a setting of experimental diabetes mellitus. 
In 9 healthy and 11 diabetic (alloxan model) open-chest rabbits, 
we measured RT in ventricular epicardial electrograms. To 
specify the contributions of apicobasal, interventricular and 
anteroposterior RT gradients and RT dispersion to the body 
surface potentials we determined T-wave voltage differences 
between modified upper- and lower-chest precordial leads  
(T-wave amplitude dispersions, TWAD). Expression of 
RT gradients and RT dispersion in the correspondent TWAD 
parameters was studied by computer simulations. Diabetic 
rabbits demonstrated flattened T-waves in precordial leads 
associated with increased anteroposterior and decreased 
apicobasal RT gradients (P<0.05) due to RT prolongation at the 
apex. For diabetics, simulations predicted the preserved T-vector 
length and altered sagittal and longitudinal TWAD proven by 
experimental measurements. T-wave flattening in the diabetic 
rabbits was not due to changes in RT dispersion, but reflected 
the redistributed ventricular repolarization pattern with prolonged 
apical repolarization resulting in increased anteroposterior and 
decreased apicobasal RT gradients. 
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Introduction 
 
Diabetes mellitus (DM) is a recognized public health 
burden, characterized, among other complications, by 
increased risk of life-threatening ventricular arrhythmias 
and sudden cardiac death (Spooner 2008). An underlying 
functional arrhythmic substrate requires the presence of 
several conditions, including an increased dispersion of 
repolarization (DOR) defined as a maximal difference 
between repolarization times (RT) irrespective of lead 
sites within the ventricular myocardium. Relationship 
between RT differences and T-wave generation on the 
body surface ECG provides a rationale for using 
electrocardiographic T-wave indices to estimate 
heterogeneities of repolarization as well as arrhythmia 
susceptibility. 
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Diabetic patients demonstrate changes in both 
QT interval duration and T-wave amplitude (Kittnar 
2016). However, the electrophysiological basis for these 
alterations is not fully established. The mechanism of 
prolongation of rate-corrected QT intervals is relatively 
clear and is attributed to lengthening of action potential 
durations (Magyar et al. 1992). However, the mechanism 
of T-wave voltage changes in DM has not been directly 
studied. As T-wave genesis is usually attributed to 
ventricular repolarization gradients (RT differences on 
definite axes, such as apicobasal, interventricular, 
anteroposterior and transmural) (Meijborg et al. 2014), it 
is reasonable to suggest that flattening of the T-wave in 
diabetics results from RT redistribution within heart 
ventricles. However, such repolarization pattern could 
correspond to two conditions: either 1) DOR decreases 
but the proportion between RT gradients is the same; or 
2) a predominant repolarization gradient changes but the 
DOR magnitude preserves. Distinguishing between these 
two alternatives is important, as the former is expected to 
affect the reentrant arrhythmogenesis, while the latter 
could reflect involvement of specific myocardial regions. 
Therefore, elaborating on how the different ventricular 
repolarization gradients and DOR contribute to the  
DM-related T-wave changes is needed for 
a comprehensive ECG interpretation. 
T-wave amplitude parameters have been studied 
less extensively than temporal markers; however, 
evaluating T-wave amplitude could be a promising 
approach for assessing repolarization heterogeneity. Our 
previous study (Sedova et al. 2015) demonstrated that 
DOR changes were associated with T-wave amplitude 
dispersion (TWAD), defined as the difference in the  
T-wave peak voltages between upper- and lower-chest 
precordial leads. However, a concept of T-wave 
generation in a given condition is required for clearly 
interpretating its amplitude changes. 
An objective of the present study was to 
determine the contribution of apicobasal, interventricular 
and anteroposterior repolarization gradients and DOR to 
body surface T-wave parameters in an experimental 
rabbit DM model. Previous investigations (Arteyeva et 
al. 2013, Meijborg et al. 2014, Arteyeva et al. 2015) 
suggested that transmural gradient contribution to 
generating T-waves was much less pronounced, if at all 
present, as compared to the contribution of other 
gradients. Therefore, here we did not address the 
transmural gradient, instead focusing studying the 
epicardial repolarization pattern. 
Methods 
 
Overview 
We (i) experimentally recorded cardiac 
potentials on body and epicardial surfaces in control and 
diabetic rabbits; (ii) described differences between the 
two groups in apicobasal, interventricular and 
anteroposterior RT gradients; (iii) constructed x-, y-, and 
z- components of T-vector for the diabetics and controls 
on the basis of experimentally-measured RT gradients; 
(iv) simulated body surface potential distributions using 
these constructed T-vector components; (v) compared 
computed and measured body surface potentials in both 
groups; (vi) compared T-vector components derived from 
measured body surface potentials between control and 
diabetic groups; and (vii) tested if a relationship between 
these measured T-vector components is similar to the 
relationship between experimentally-determined 
RT gradients. 
 
Experimental study 
The experiments were performed on Chinchilla 
breed rabbits of either sex, age of 6-8 months and body 
mass of 2.5-4.0 kg. The procedures conformed to the 
Guide for the Care and Use of Laboratory Animals, 8th 
Edition published by the National Academies Press (US) 
2011 and to the Declaration of Helsinki and were 
approved by the ethical committee of the Institute of 
Physiology of the Komi Science Centre, Ural Branch of 
the Russian Academy of Sciences. Type 1 DM was 
induced in 11 animals (7 males) by a single dose of 
alloxan (120 mg/kg body weight, i.v.) and 9 (6 males) 
animals served as controls. 
After one month, DM and control rabbits were 
anesthetized with Zoletil (15 mg/kg body weight, i.m.) 
and put on mechanical ventilation. ECGs were recorded 
with subcutaneous needle electrodes from conventional 
limb leads and six modified precordial leads described 
elsewhere (Sedova et al. 2015). In short, there were three 
upper-chest leads (J1-J3) shifted to the jugular notch 
level, and three lower-chest leads (J4-J6) positioned at the 
inferior costal margin level. J1 and J6 leads and J3 and  
J4 leads were placed in the right and left anterior axillary 
lines, respectively; while J2 and J5 leads were in the 
midline. After ECG recording, the heart was exposed via 
midline incision, and heart temperature was maintained at 
37-38 °C by irrigation with warm saline and warmed 
indoor air. At spontaneous sinus rhythm, unipolar 
ventricular electrograms were registered from a 64-lead 
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epicardial sock array (3-5 mm interelectrode distance) in 
reference to Wilson’s central terminal with a custom-
designed mapping system (16 bits; bandwidth 0.05 to 
1,000 Hz; sampling rate 4,000 Hz). 
In each epicardial unipolar electrogram, 
activation time (AT) and repolarization time (RT) were 
measured as the instants of the minimum of first time 
derivative of potential (dV/dt min) during QRS complex 
and the maximum of the first time derivative of potential 
(dV/dt max) during T-wave, respectively, in relation to 
QRS complex onset in the II limb lead (Coronel et al. 
2006). The activation-recovery interval (ARI) serving as 
a measure of local repolarization duration was taken as 
the difference between RT and AT. Apicobasal, 
interventricular and anteroposterior RT gradients were 
calculated using average RT values in the appropriate 
epicardial leads (for example, apicobasal RT gradient 
equaled to the difference between the average basal RT 
and the average apical RT, etc, is in Fig. 1). Total DOR 
was determined as the difference between maximal and 
minimal RT values on the ventricular epicardium (Fig. 1). 
T-wave amplitude dispersion (TWAD) parameters were 
measured as the difference between T-wave voltages in 
body surface ECG leads (J1-J6) using formulas suggested 
for calculating T-vector components (see below). 
 
 
 
 
Fig. 1. Schematic presentation of determining epicardial 
repolarization parameters. Each map displays anterior (left part) 
and posterior (right part) aspects of the heart. The margins 
between left and right ventricles (anterior and posterior 
interventricular grooves) are depicted by thin solid lines. (A) Lead 
distribution on epicardial surface. Dispersion of repolarization is 
calculated as the difference between the earliest and the latest 
repolarization times on the overall surface. Apicobasal (B), 
interventricular (C) and anteroposterior (D) repolarization 
gradients are determined as differences between the average RT 
values obtained from areas designated by small and large lead 
points. 
 
Statistical analysis was performed using SPSS 
11.5. Data are given as medians and interquartile 
intervals. The Mann-Whitney U-test was used to compare 
control and diabetic groups of animals. Student’s paired 
and unpaired t-tests were used to assess intra- and inter-
observer variabilities, and agreement between 
measurements was evaluated with the Bland-Altman plot. 
Differences were considered significant at P<0.05. 
 
T-vector components 
Direct determination. In order to relate ventricular 
repolarization gradients to body surface ECG, we 
simulated the electrical vector of ventricular repolarization 
(T-vector) as a single dipole located in the center of the 
heart ventricles. T-vector direction was based on 
experimentally measured ventricular repolarization 
gradients: the component Tx was proportional to the 
interventricular gradient, the component Ty was 
proportional to the apicobasal gradient, and the component 
Tz was proportional to the anteroposterior gradient (in 
vectorcardiographic coordinate system X, Y, Z).  
A potential distribution produced by this T-vector was 
calculated for an elliptical cylinder imitating the torso of  
a rabbit, taking into account the heart’s realistic position 
within the rabbit torso, using the following formula: 
 
?????R · T) / R3   (1), 
 
?????? ?? ??? ?? ?????????? ?????? ??? ??? ????????????
point, T is T-vector, R is a vector directed from the 
observation point to the T-vector origin, R is the length of 
R. The computed potentials were compared with 
measured body surface ECGs. 
Inverse determination. T-vector components 
were then also inversely calculated from body surface 
potentials. Since there is no generally accepted method of 
calculating VCG from ECG for the rabbit, we used the 
following empirical formulas based on differences in 
potential magnitude in modified precordial leads J1-J6 
taking into account their mutual positions on the torso. 
 
Longitudinal: ???? ((J6-J1) + (J4-J3)) / 2 (2), 
Left-to-Right: ?????????-J1) + (J4-J6)) / 2 (3), 
Sagittal: ????????? ((J2-J1) + (J2-J3) + (J5-J4) + 
2 ? (J5-J6)) / 4  (4). 
 
Results 
 
Fasting plasma glucose concentration was 
significantly higher in the diabetic animals than in 
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controls [26.6 (17.8; 27.5) mmol/l and 5.7 (4.9; 6.0) 
mmol/l, P<0.05, respectively], although both groups were 
of the same sex, age, body mass and heart mass. 
 
Body surface ECGs 
The diabetic rabbits demonstrated flattened  
T-waves in modified upper-chest and lower-chest 
precordial leads (Fig. 2). T-wave amplitudes in individual 
precordial leads were lower in the DM group than in the 
control group (Table 1). Longitudinal, left-to-right and 
sagittal TWAD indices calculated using formulas (2-4) 
(suggested for the corresponding T-vector components) 
differed between the control group and the DM group. 
The diabetic rabbits had greater TWADsagittal and lower 
TWADlongitudinal than controls (Table 1). 
 
 
  
Fig. 2. Representative ECG tracings in modified precordial leads J1-J6 (solid black points) in control and diabetic rabbits. The heart 
position is indicated by thick arrows depicting predominant apicobasal and anteroposterior RT gradients for non-diabetic and diabetic 
animals, respectively. 
 
 
Table 1. Cardiac and body surface ECG indices of ventricular repolarization in healthy and diabetic rabbits [Median and interquartile 
intervals (25 %, 75 %)]. 
 
Parameter Control, n=9 DM, n=11 P 
Apicobasal RT gradient (ms) 17 (10; 18) 2 (-7; 4) 0.002 
Interventricular RT gradient (ms) -6 (-12; 0.2) 7 (-0.3; 10) 0.087 
Anteroposterior RT gradient (ms) -7 (-12; 9) 11 (6; 17) 0.016 
DOR (ms) 51 (43; 57) 56 (41; 75) 0.351 
Maximal lower-chest T-wave voltage (μV) 162 (144; 226) 119 (0; 143) 0.020 
Minimal upper-chest T-wave voltage (μV) -242 (-266; -212) -170 (-218; -121) 0.052 
TWADLongitudinal (μV) 197 (120; 236) 105 (88; 158) 0.023 
TWADLeft-to-Right (μV) 64 (53; 84) 45 (18; 66) 0.119 
TWADSagittal (μV) 58 (-144; 355) -210 (-303; -95) 0.045 
TWADSum (μV) 338 (234; 471) 282 (178; 428) 0.340 
 
DM – diabetes mellitus; RT – repolarization time; DOR – dispersion of repolarization; TWAD – T-wave amplitude dispersion. 
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Epicardial potential mapping 
AT measurements were done automatically, 
while determining RTs included inspection by 
experienced observers (AOO, MAV). Therefore, the data 
were tested for inter- and intraobserver reproducibility. 
?????????????????????????????????????????????????????
on different days demonstrated no significant differences 
in RT interval (values are given for the combined group 
of healthy and diabetic animals): 186.6±32.1 vs. 
185.42±32.9 ???? ?????? and S.D. of the difference was 
18.6 ms or 9.9 % of the mean. The difference between the 
first and the second observer’s data was also 
insignificant: 186.1±38.8 vs. 187.0±40.6 ???????????????
S.D. of the difference 10.8 ms or 5.8 % of the mean. 
At one-month follow-up, rabbits with DM and 
controls had similar sequences and durations of 
ventricular epicardial activation, but the epicardial 
repolarization pattern differed between the two groups 
(Fig. 3). In control animals, repolarization durations 
(measured as ARIs) were shorter at the apex and longer at 
the base manifesting in a dominant apicobasal 
RT gradient in respect to interventricular and 
anteroposterior gradients (Table 1). In diabetic animals, 
repolarization durations were redistributed with an area of 
prolonged ARIs development mainly on the anterior 
apical portion (mainly, the heart apex and the adjacent 
right ventricular area). This effect resulted in a pattern 
with decreased apicobasal and increased anteroposterior 
RT gradients in the diabetic hearts (Table 1). Despite the 
differences in ventricular repolarization gradients, there 
was no difference in total DOR between the control and 
DM groups. 
 
Computer simulations 
We simulated body surface potential 
distributions for both non-diabetic and diabetic rabbits 
(Fig. 4) according to experimentally-measured epicardial 
RT gradients. For the control rabbit, the T-vector was 
oriented forward, downward and to the left, with 
a dominant longitudinal component. For the diabetic 
rabbit, T-vector was oriented backward, downward and to 
the left, the longitudinal component was decreased, and 
the anteroposterior component was dominant. T-vector 
length was the same because total RT dispersion in DM 
was found to be close to that of non-diabetic rabbits. 
The different T-vector directions in non-diabetic 
and diabetic animal models resulted in different simulated 
body surface potential distributions (Fig. 4). In the points 
corresponding to leads J1-J6, potential magnitudes 
decreased, but their polarity remained unchanged. These 
changes were similar to the changes observed in leads  
J1-J6 in diabetic rabbits (Fig. 2). T-vector directions 
calculated from the differences in measured potential 
magnitude in leads J1-J6 were similar to T-vector 
directions set in the model on the basis of measured 
RT gradients (Fig. 4). 
 
 
 
 
Fig. 3. Representative maps of epicardial ventricular distribution 
of ARIs in control and diabetic (DM) rabbits. See the prolonged 
repolarization area on the anterior apical portion in the diabetic 
rabbit heart. 
 
 
Discussion 
 
In order to explain the T-wave changes in DM, 
we first studied the spatial patterns of ventricular 
repolarization, and then reconstructed the expression of 
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these cardiac repolarization patterns in body surface 
potentials using computer simulations. Finally, we tested 
the predictions of simulations by comparing measured 
body surface potential distributions in non-diabetic and 
diabetic animals. 
 
 
 
 
 
Fig. 4. Simulated body surface 
potential maps during T-wave peak 
for the control and diabetic rabbits. 
Simulated voltages in J1-J6 leads are 
shown. The transversal and frontal 
projections of the T-vectors set 
directly (bold gray) and calculated 
from the TWAD (black) are displayed 
to the right of each map. 
 
 
 
 
Our primary objective was to find out the  
DM-related T-wave flattening mechanisms as they relate 
to changing ventricular gradients of repolarization. We 
found that the decrease in T-wave amplitudes in modified 
precordial leads was associated with altering two 
repolarization gradients, namely: 1) increase in the 
anteroposterior gradient with early posterior and late 
anterior RTs, and 2) decrease in the apicobasal gradient. 
These two differences between non-diabetic and diabetic 
rabbits were accounted for by repolarization duration 
prolongation at the RV apex, located mostly anteriorly. 
The specific involvement of RV in diabetic 
cardiomyopathy was reported earlier (Karamitsos et al. 
2007, van den Brom et al. 2010, Vaykshnorayte et al. 
2012, Olsen et al. 2013, Axelsen et al. 2015). Our study 
suggests that T-wave flattening was the 
electrocardiographic expression of the RV electrophy-
siological alteration, at least in the present DM model. 
The repolarization prolongation in DM is usually ascribed 
to the down-regulation of potassium currents (Zhang et 
al. 2007, Lengyel et al. 2008, Gallego et al. 2009); 
however, the exact mechanism of such spatially specific 
electrophysiological effect is largely unknown. Previous 
studies (Palova et al. 2010, Ovechkin et al. 2014) showed 
that an abnormal sympathetic tone possibly plays a role. 
Thus, a redistributed spatiotemporal ventricular 
repolarization pattern in diabetic rabbits was associated 
with flattened body surface T-waves. Theoretically, the 
observed changes in body surface T-wave voltages 
associated with DM could be ascribed to three different 
myocardial alterations, namely: 1) decrease of the 
apicobasal RT gradient; 2) increase of the anteroposterior 
RT gradient; and 3) replacement of the apicobasal 
RT gradient by the anteroposterior RT gradient as  
a dominant RT gradient. In the context of 
arrhythmogenesis, it is important to note that these 
scenarios implied decreased, increased or unchanged 
DOR, respectively. Thus, further specification of the 
contribution of the different repolarization gradients to 
body surface potentials is required. As the next step of the 
present study, we performed computer simulations in 
order to test if T-wave voltage parameters could 
distinguish between the different variants of ventricular 
repolarization changes in DM. 
Despite the de facto disappearance of 
vectorcardiography from routine clinical practice, 
vectorial characteristics of the repolarization cardiac 
electric field derived from ECG records are considered 
useful for diagnosis and prognosis (Man et al. 2015). 
Such indices could be obtained by reconstructing 
a vectorcardiogram from ECGs (Schreurs et al. 2010, 
Engels et al. 2015). The resultant T-vector is 
a characteristic related to the vectorcardiographic loop, 
and is considered to be a simple and useful representation 
of the ventricular repolarization process (Waks et al. 
2015, Cortez et al. 2016), where its direction reflects the 
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gross repolarization sequence, its length (magnitude) is 
proportional to the resultant intensity of electric 
generators in the heart ventricles (indirectly total DOR), 
and its apicobasal, interventricular and anteroposterior 
components are related to the apicobasal, interventricular 
and anteroposterior RT gradients, respectively. The 
modified precordial leads J1-J6 were positioned on the 
body surface so that the heart was the center of 
symmetry, which allowed us to easily obtain the 
relationship between the apicobasal and interventricular 
T-vector components and the correspondent longitudinal 
and left-to-right TWAD indices. Since the heart is located 
within the thorax anteriorly, and the distance between the 
medial and lateral leads on the sagittal projection axis is 
small, scaling coefficients were required for estimating 
the sagittal T-vector component. 
As the diabetic rabbits had the redistributed 
ventricular repolarization pattern with the increased 
anteroposterior and decreased apicobasal RT gradients, 
and, consequently altered T-vector components, we were 
able to test our approach to estimating the T-vector 
components. We found that the longitudinal TWAD was 
lower and the sagittal TWAD was higher in the DM 
group than in the control group, suggesting that TWADs 
reflected the RT gradients in the correspondent 
directions, and could therefore be used for assessing the 
electrophysiological properties in specific myocardial 
regions. Our data suggest that T-wave changes in DM 
rabbits reflected RV involvement. However, our 
epicardial measurements showed similar total DOR in 
non-diabetic and diabetic animals; accordingly, the 
TWADsum, which was suggested as an estimate for 
T-vector length, and indirectly for total DOR, was no 
different for the DM and control groups. 
Our findings demonstrated that precordial  
T-wave voltage decrease could be associated with 
unchanged DOR and oppositely changed different 
RT gradients. Measuring temporal ECG indices of 
ventricular repolarization, such as QT and Tpeak-Tend 
intervals or their dispersions for assessing DOR and 
predicting arrhythmic events often give unsatisfactory 
results (Zabel et al. 1998, Porthan et al. 2013), due at least 
in part to technical problems with determining T-wave end. 
In our study, we could not measure QT and Tpeak-Tend 
intervals in a number of animals because of overlapped  
P and T-waves. However, T-vector components 
specifically express the corresponding repolarization 
gradients, contain useful information on DOR, and may 
thus be tested as predictors of ventricular arrhythmias. 
Limitations 
 
We intended to establish the relationship 
between diabetic electrical myocardial remodeling and  
T-wave changes in body surface ECGs quantified as 
magnitudes of T-vector components to be further used as 
a noninvasive predictor of functional disturbances. From 
this point of view, several issues should be taken into 
account. Where there is attenuation of T-wave signals due 
to subcutaneous fat, a correction procedure may be 
required. It is also expected that TWADsum (T-vector 
magnitude) may differ somewhat, with DOR remaining 
unchanged, in settings where action potential durations 
uniformly prolong or shorten, such as in electrolyte 
disturbances. We demonstrated that TWAD reflected the 
magnitude of the RT gradients being the differences in 
RTs between the definite ventricular regions, such as the 
apex and the base, etc. However, we did not test local 
electrophysiological heterogeneities, which may affect 
the DOR, but perhaps not affect the RT gradients. 
 
Conclusions 
 
Our study suggests that T-wave flattening in 
modified precordial leads in diabetic rabbits was 
associated with repolarization prolongation in the apical 
portion of the RV myocardium, resulting in decreased 
apicobasal gradient and increased anteroposterior 
gradient of RTs. These findings provide the basis for 
assessing RV functional changes in DM. The contribution 
of apicobasal, interventricular and anteroposterior 
repolarization gradients could be estimated by calculating 
the correspondent TWAD parameters. In diabetic rabbits, 
we found two associations: 1) the augmented 
anteroposterior RT gradient and the increased sagittal 
TWAD; 2) the diminished apicobasal RT gradient and the 
decreased longitudinal TWAD. The obtained results show 
that T-wave flattening does not necessarily imply changes 
in DOR, which in turn could be assessed by T-vector 
length and TWADsum. 
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ARTICLE
Functional role of myocardial electrical remodeling in diabetic
rabbits
Alexey O. Ovechkin, Marina A. Vaykshnorayte, Ksenia Sedova, Konstantin V. Shumikhin,
Natalia V. Arteyeva, and Jan E. Azarov
Abstract: The objective of the study was to investigate the role of electrical remodeling of the ventricular myocardium in
hemodynamic impairment and the development of arrhythmogenic substrate. Experiments were conductedwith 11 healthy and
12 diabetic (alloxan model, 4 weeks) rabbits. Left ventricular pressure was monitored and unipolar electrograms were recorded
from 64 epicardial leads. Aortic banding was used to provoke arrhythmia. The diabetic rabbits had prolonged QTc, with
activation–recovery intervals (surrogates for repolarization durations) being relatively short on the left ventricular base and long
on the anterior apical portions of both ventricles (P < 0.05). In the diabetic rabbits, a negative correlation (–0.726 to –0.817) was
observed between dP/dtmax, dP/dtmin, and repolarization dispersions. Under conditions of systolic overload (5min), tachyarrhyth-
mias were equally rare and the QTc and activation–recovery intervals were shortened in both groups (P < 0.05), whereas QRS was
prolonged in the diabetic rabbits only. The repolarization shortening was more pronounced on the apex, which led to the
development of apicobasal and interventricular end of repolarization gradients in the healthy animals, and to the ﬂattening of
the repolarization proﬁle in the diabetic group. Thus, the diabetes-related pattern of ventricular repolarization was associated
with inotropic and lusitropic impairment of the cardiac pump function.
Key words: activation–recovery intervals, arrhythmias, inotropy, lusitropy, repolarization.
Résumé : L'objectif de cette étude était d'estimer le rôle que le remodelage myocardique électrique pourrait jouer dans les
déﬁciences hémodynamiques et le développement d'un substrat arythmogène ventriculaire. Des expériences ont été réalisées
sur 11 lapins sains et 12 lapins diabétiques (modèle induit par l'alloxane, 4 semaines). La pression ventriculaire gauche a été suivie
et des électrocardiogrammes unipolaires ont été enregistrés de 64 sondes épicardiques. Le cerclage aortique a été utilisé comme
manœuvre pro-arythmique provocatrice. Les lapins diabétiques présentaient un QTc prolongé, avec des intervalles d'activation–
récupération (substitut des durées de repolarisation) relativement courts a` la base ventriculaire gauche et longue dans les
portions apicales antérieures des deux ventricules (P < 0,05). Chez les animaux diabétiques, une corrélation négative
(–0,726 a` –0,817) a été observée entre le dP/dtmax, le dP/dtmin et les dispersions de repolarisation. Lors d'une surcharge
systolique (5 min), les tachyarythmies étaient rares chez les deux groupes, le QRS était prolongé chez les diabétiques, alors que
le QTc et les intervalles d'activation–récupération étaient raccourcis chez les deux groupes (P < 0,05). Le raccourcissement de la
repolarisation était plus prononcé a` l'apex, ce qui menait au développement de gradients de repolarisation des extrémités
apico-basale et inter-ventriculaire chez les animaux sains, et a` l'aplatissement du proﬁle de repolarisation chez les diabétiques.
Ainsi, le patron de repolarisation ventriculaire lié au diabète était associé a` des déﬁciences inotropes et lusitropes de la fonction
de la pompe cardiaque. [Traduit par la Rédaction]
Mots-clés : intervalles d'activation–récupération, arythmie, inotropie, lusitropie, repolarisation.
Introduction
Diabetes mellitus (DM) leads to electrical myocardial remodel-
ing, which manifests as prolonged action potential duration due
to the down-regulation of potassium currents (Magyar et al. 1992;
Zhang et al. 2006, 2007; Lengyel et al. 2008, Gallego et al. 2009),
and (or) slowed conduction, possibly due to a reduction in the
sodium current density (Stables et al. 2014). The electrical remod-
eling attends the well-known diabetes-induced dysfunction of the
heart known as diabetic cardiomyopathy (Miki et al. 2013). The
mechanical and electrophysiological changes associated with DM
are often considered separately; however, the cause–effect relation-
ship between them should not be excluded. For example, the
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lengthening of repolarization due to down-regulation of potassium
currents could maintain calcium transients, and thereby affect
inotropic and lusitropic properties in a manner similar to that
demonstrated in the heart failure model (Michael et al. 2009). The
experimental and simulation studies have demonstrated that the
optimal contraction of interacting myocardial elements requires
a deﬁnite extent of the spatiotemporal asynchrony of activation
and the heterogeneity of electrical properties (Markhasin et al.
2012); consequently, the changes in activation times and the re-
distribution of action potential duration are expected to result in
changes to cardiac contractile function. Furthermore, the trans-
mural repolarization sequence is known to be related to the re-
laxation pattern of a ventricular wall segment (Ashikaga et al.
2007; Zhu et al. 2009). However, studies of the relationship be-
tween global ventricular repolarization patterns and the pump
function in normal and diseased hearts are generally lacking, and
speciﬁcally from those with DM.
Another functional consequence of the DM-induced electrical
remodeling could be a change in the risk for arrhythmia. DM
increases the risk of ventricular arrhythmia and sudden cardiac
death in patients with coronary artery disease as well as those
with no signs of heart problems (Balkau et al. 1999; Jouven et al.
2005). The speciﬁc mechanism for increased vulnerability to ar-
rhythmia is largely unknown, although there are recent data
pointing to oxidative stress as a signiﬁcant contributing factor
(Xie et al. 2013). On the other hand, a set of experimental data has
suggested that DM could produce a paradoxical antiarrhythmic
effect (Beatch and McNeill 1988; Kusama et al. 1992; Ravingerová
et al. 2000; Ravingerova et al. 2001; Matejíková et al. 2008). The
discrepancy between the clinical and experimental ﬁndings could
be related to themyocardial electrophysiological properties of the
experimental animals (e.g., small rat heart having an extremely
fast Ito-based ventricular repolarization), short follow-up of DM in
experimental studies, concomitant pathologies in patients observed
in clinical investigations, etc. However, the eventual electro-
physiological basis for this “protective” action of DM is unclear.
Likewise, in the clinical setting it was found that whereas DM
predisposes to sudden cardiac death in the long-term, acute sus-
ceptibility to ventricular arrhythmias did not differ among diabet-
ics and nondiabetics (Spooner 2008).
The objective of this investigation was to elucidate the func-
tional role of the changes in spatiotemporal patterns of activation
and repolarization related to changes in pump function and the
development of arrhythmogenic substrate in an experimental
model of type 1 DM. Taking into account that the paradoxical
“protective” effect of DM observed in the previous studies cited
above may have been caused by some speciﬁc experimental con-
ditions, we attempted to test the arrhythmic risk in a different
experimental setting. First, a systolic overload was applied as a
provocative proarrhythmic maneuver, instead of the widely uti-
lized ishchemia–reperfusion model. Second, we studied the
hearts in situ to have realistic hemodynamics and autonomic in-
nervation, which is subject to diabetic autonomic neuropathy,
and which in turn may cause functional impairment. Third, we
used rabbits instead of the commonly investigated rat to have
model animals with a set of cardiac ionic currents that are similar
(although not identical) to humans.
Materials and methods
Experimental preparation and protocol
The investigation conformed to the Guide for the Care and Use
of Laboratory Animals (NAC 2011). The experiments were done on
Chinchilla rabbits of either sex, aged 6–8 months. To induce
the type 1 DM, 24 rabbits were given a single dose of alloxan
(120 mg/kg body mass, by intravenous injection). The glucose con-
centrationwasmeasured from the venous blood once aweekwith
a OneTouch glucometer (LifeScan). Subsequently, 7 animals died
before the follow-up, 12 animals became diabetic, and DM did not
develop in 5 animals (fasting venous plasma glucose level be-
ing <7.0 mmol/L). As a result, the open-chest electrophysiological
Table 1. Fasting venous plasma glucose level and mass indices in the healthy and diabetic rabbits [median and
interquartile intervals (25%; 75%)].
Glucose,
(mmol/L)
Body
mass (kg)
Heart
mass (g)
Heart:body mass
ratio (g/kg)
Control group (n = 11) 5.8 (5.3; 6.3) 3.2 (2.8; 3.5) 8.6 (8.3; 9.9) 2.7 (2.5; 3.0)
“To be DM” group (prior to alloxan
injection; n = 12)
6.1 (5.7; 6.4) 2.8 (2.5; 2.9) — —
DM group (4 weeks after alloxan
injection; n = 12)
20.5 (18.2; 27.5) 2.9 (2.7; 3.0) 7.8 (6.6; 9.3) 2.7 (2.4; 3.1)
P value (DM vs. control) P < 0.02 P > 0.05 P > 0.05 P > 0.05
Note: DM, diabetes mellitus.
Fig. 1. Microphotographs of the Van Gieson stained cross-sections
of the left ventricular myocardium from healthy (A) and diabetic (B)
Chinchilla rabbits. Note the signiﬁcant collagen deposits in the
diabetic heart (black arrows). Original magniﬁcation ×200. Scale
bar = 100 m.
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measurements were carried out in 12 rabbits (7 females) with DM,
with a 4 week follow-up, and 11 control animals (8 females).
The rabbits were anesthetized with zoletil (15 mg/kg bodymass,
by intramuscular injection), intubated, and mechanically venti-
lated. After exposure of the heart, the animal's temperature was
maintained at 37–38 °C by irrigation with warm saline and in-
creasing the room temperature. At spontaneous sinus rhythm,
unipolar electrograms were registered from 64 ventricular epicar-
dial leads organized in a sock array (3.0–5.0 mm inter-electrode
distance) with reference to Wilson's central terminal. The record-
ing was done by means of a custom-designed mapping system
(16 bits; bandwidth 0.05–1000.0 Hz; sampling rate 4000 Hz). In
each epicardial lead, the activation time (AT) and the end of repo-
larization time (RT) were determined from dV/dtmin during the
QRS complex and dV/dtmax during the T wave, respectively (Coronel
et al. 2006), and the activation–recovery interval (ARI), serving as a
measure of the local repolarization duration, wasmeasured as the
difference between RT and AT.
A catheter (internal diameter 0.6 mm) was introduced into the
left ventricle via the left carotid artery and attached to a pressure
transducer SP844 (50 V·V–1·(cm Hg)–1; MEMSCAP). The left in-
traventricular pressure was monitored and measured with the
Prucka Mac-Lab 2000 system (GE Medical Systems) for the course
of experiment. The highest velocity for the left ventricular (LV)
pressure increase (dP/dtmax) and decrease (dP/dtmin) measured dur-
ing the isovolumic contraction and relaxation served as indices
of the LV inotropic and lusitropic properties, respectively. To test
for arrhythmogenic substrate in the myocardium, the LV systolic
overload was produced with 5 min aortic stenosis, which was
produced by banding between the origins of the brachiocephalic
and left subclavicular arteries.
The limb lead ECGs were recorded in the course of experiment.
TheQT interval wasmeasured in the II limb lead and the corrected
QT interval (QTc) was calculated using the equation QTc = QT –
0.175 × (RR – 300) (Carlsson et al. 1993), where RR represents the
value for the RR interval. An occurrence of life-threatening
ventricular arrhythmias, namely ventricular ﬁbrillation (VF) and
ventricular tachycardia (VT), was monitored during the overload
period.
At the end of the experiment, the animal was sacriﬁced with
deep anesthesia, then the heart was excised and the myocardial
mass was measured. Examination of the Van Gieson stained sec-
tions of the left ventricular myocardium was performed using
light microscopy to estimate the collagen deposits. The morpho-
logical characteristics were determined and interpreted by an in-
vestigator following a blind protocol.
Statistical analysis
BioStat 4.03 was used for the statistical analysis. The data pre-
sented are the median and interquartile intervals (25%; 75%), and
nonparametric criteria were used according to the non-Gaussian
distribution of variables. Wilcoxon tests were used for the com-
parisons between the baseline and overload values, and the
Mann–WhitneyU test was used to compare the DMgroupwith the
control group. The occurrence of arrhythmias in different settings
was assessed using 2 criteria. The differences were considered
statistically signiﬁcant at values for P ≤ 0.05.
Results
As expected, the rabbits from the control and DM groups dif-
fered from each other in their venous plasma glucose levels
(Table 1). Microscopic examination of the postmortem samples
showed the presence of signiﬁcant collagen deposits in the dia-
betic hearts (Fig. 1), whereas the myocardial mass indices were
similar for both groups (Table 1). Before the heart of the anaesthe-
tized animals was exposed, the heart rate and QRS duration were
similar in both groups; however, the measured and corrected QT
intervals were longer in the DM group (Table 2).
The hemodynamic measurements documented the impairment
of cardiac pump function in theDMgroup. Table 3 shows the indices
obtained at the timewhen the thoraxwas opened and the epicardial
leads were placed on the ventricular surface. These values were
lower comparedwith those taken just after the induction of anesthe-
sia but before exposure of the heart (e.g., dP/dtmax differed 1.07- and
1.3-fold in the control and diabetic animals, respectively); however,
the relationships between these values for the control and DM
groups were similar before and after the opening of the thorax. Sub-
sequently, the hemodynamic data summarized in Table 3 was ana-
lyzed in relation to the electrophysiological data recorded in the
same conditions from the ventricular surface.
The ventricular epicardial activation patterns were the same in
the DM and control groups. Brieﬂy, the activation wave originally
emerged at 2 independent breakthroughs in the RV and LV, and
then spread from the apex to the base and from the RV to the LV
(Fig. 2A). The duration of epicardial activation (AT dispersions),
which was measured as the difference between the earliest and
latest epicardial ATs, were similar in control and DM groups
(Table 4). In the control group, we did not observe any signiﬁcant
gradients of ARIs on the apicobasal and interventricular axes,
whereas the rabbits with DM had an ARI pattern with the shortest
durations on the LV base and the longest ones on the apical por-
tions of the LV and RV (Fig. 2B). The ARI dispersions, which were
determined as the difference between the longest and shortest
ARIs regardless of the region, did not distinguish between the DM
Table 2. The QRS, QT, QTc, and activation−recovery intervals [median and interquartile intervals (25%; 75%)] of the
healthy and diabetic rabbits in the baseline state and under the LV overload.
Baseline P Overload P
Duration, ms Control (n = 11) DM (n = 12)
DM vs.
control Control (n = 11) DM (n = 12)
DM vs.
control
QRS 30 (25; 35) 28 (22; 30) >0.05 32 (26; 36) 36 (31; 45) >0.05
QT 139 (131; 149) 160 (143; 170) 0.023 118 (114; 126) 128 (122; 135) >0.05
QTc 148 (143; 157) 168 (152; 175) 0.034 134 (113; 139) 139 (133; 149) >0.05
ARI LV apex 100 (84; 118) 91 (79; 113) >0.05 75 (67; 100) 71 (65; 85) >0.05
ARI LV base 90 (82; 96) 85 (73; 103) >0.05 77 (69; 97) 70 (67; 78) >0.05
ARI LV lateral 93 (86; 104) 86 (72; 105) >0.05 73 (71; 89) 70 (65; 79) >0.05
ARI RV lateral 102 (96; 108) 94 (85; 107) >0.05 78 (68; 87) 78 (65; 89) >0.05
RT LV apex 119 (100; 135) 110 (91; 132) >0.05 99 (90; 107) 91 (81; 107) >0.05
RT LV base 117 (109; 127) 110 (93; 126) >0.05 108 (101; 120) 92 (89; 102) >0.05
RT LV lateral 118 (108; 130) 108 (95; 127) >0.05 108 (94; 112) 94 (88; 103) >0.05
RT RV lateral 121 (114; 127) 114 (99; 126) >0.05 98 (83; 105) 92 (82; 113) >0.05
Note: ARI, activation−recovery interval; DM, diabetes mellitus; LV, left ventricular; RT, end of repolarization time; RV, right
ventricular.
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and the control group (Table 4). Likewise, the RT dispersions in
both groups were similar (Table 4), and the epicardial sequences
for the RTs (Fig. 2C) corresponded to the ARI distributions.
To determine the relationship between the electrophysiological
variables on one hand, and the inotropic and lusitropic properties
on the other, we calculated Spearman's correlation coefﬁcients
between dP/dtmax, dP/dtmin, and the indices characterizing the ac-
tivation and repolarization patterns of ventricular epicardium in
the control and DM groups. It was found that neither dP/dtmax nor
dP/dtmin correlated with the duration of repolarization (estimated
as the QT, maximal ARI, minimal ARI, and averaged ARI); the
heart rate and the duration of epicardial activation (AT dispersion)
in the control as well as in the DM groups. However, only in the
DM group was a signiﬁcant negative correlation observed between
dP/dtmax and dP/dtmin on one hand, and the dispersions of ARIs
on the other. Similar negative correlations were found between
dP/dtmax and dP/dtmin, and the dispersions of RTs. The correspond-
ing values from the healthy control rabbits were not signiﬁcantly
different (Table 5).
Aortic banding was applied to induce a systolic LV overload,
which led to the systolic LV pressure increase from 73 (61; 82) to
116 (101; 120) mm Hg in the control group, and from 67 (59; 75) to
111 (101; 127) mm Hg in the DM group (1 mm Hg = 133.322 Pa). As a
result, the epicardial ATs did not change signiﬁcantly, whereas
the QRS widened in the DM group, and the QTc decreased in both
groups (Fig. 3; Table 2). The ARIs and RTswere generally shortened
in both the control and DM groups, with a more pronounced
effect in the apical area (Fig. 4; Table 2). Speciﬁcally in the healthy
control group, the LV apical shortening of ARIs, combined with
the earlier apical activation, produced signiﬁcant apicobasal (Fig. 5)
and interventricular (Fig. 6) RT gradients that were absent in the
baseline state. On the other hand, in theDMgroup, signiﬁcant ARI
shortening within the LV was observed only in the LV apex, and it
was relatively prolonged in the baseline state. As a consequence,
the ARI distribution in the DM group became less heterogeneous,
the RT gradients did not develop in the ventricles of the DM group,
and the overall RT distribution remained relatively uniform (Figs. 4–
6). By the 5th min of aortic banding, the ventricular tachyarrhyth-
mias were rarely observed in either the control (2 VTs) or the DM
groups (1 VT and 1 VF), suggesting that themyocardial vulnerability
to tachyarrhythmias was not increased in the DM group under the
conditions of 5 min systolic overload.
Discussion
This study demonstrated a negative correlation between the
magnitude of the dispersion of repolarization and the velocity of
the LV pressure increase and decrease (dP/dtmax and dP/dtmin,
respectively) only in the DM group. Generally speaking, this ﬁnd-
ing could be explained by considering that the extent of the elec-
trical heterogeneity in the DM group was higher than in the
controls, which could impose an additional limitation in pump
function in DM that was absent from the healthymyocardium. On
the other hand, the increase in the dispersion of repolarization
could result from primary mechanical impairment, and the greater
the pump functiondeterioration, the greater the repolarizationnon-
uniformity. However, the speciﬁc mechanisms for these relation-
ships have yet to be determined.
Table 3. The cardiac and systemic hemodynamic variables in the open-chest normal and diabetic Chinchilla rabbits [median and
interquartile intervals (25%; 75%)].
Heart rate
(bpm)
Sysolic pressure
(mm Hg)
Diastolic pressure
(mm Hg) dP/dtmax (mm Hg/s) dP/dtmin (mm Hg/s)
LVEDP,
(mm Hg)
Control (n = 11) 285 (249; 303) 84 (75; 95) 0 (−1; 1) 3095 (2439; 3340) 2250 (1666; 3333) 2 (2; 5)
DM (n = 12) 249 (217; 275) 71 (59; 74) −2 (−5; 0) 1824 (1250; 2256) 1248 (990; 2000) 5 (0; 5)
P (DM vs. control) 0.118 0.036 0.171 0.004 0.019 0.744
Note: bpm, beats per minute; 1 mm Hg = 133.322 Pa; DM, diabetes mellitus; LVEDP, left ventricular end diastolic pressure.
Fig. 2. The representative ventricular epicardial isochronal maps of
the activation times (A), ARI distribution (B), and RTs (C) in the
healthy and diabetic Chinchilla rabbits. The left and right parts of
each map represent the anterior and posterior aspects of the
ventricular epicardium, respectively. The scales demonstrate the
time points with respect to the onset of the QRS complex (A and C)
or durations (B). The difference bars and P values show the
statistically signiﬁcant interventricular and left ventricular
apicobasal differences in ARI duration found in the diabetic, but not
in the control group (B, right). ARI, activation–recovery interval;
AT, activation time; RT, end of repolarization time.
Table 4. The ventricular epicardial dispersions of activation times,
activation−recovery intervals and end of repolarization times [median
and interquartile intervals (25%; 75%)] from Chinchilla rabbits.
AT dispersion
(ms)
ARI dispersion
(ms)
RT dispersion
(ms)
Control (n = 11) 17 (15; 24) 17 (11; 29) 24 (14; 27)
DM (n = 12) 19 (17; 22) 17 (8; 25) 16 (10; 22)
Note: ARI, activation−recovery interval; AT, activation time; DM, diabetes
mellitus; RT, end of repolarization time.
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The association between the relaxation velocity, estimated as
dP/dtmin, and the RT dispersion is relatively clear. As the local end
of electrical excitation (i.e., RT) corresponds to the local end of the
contraction process, the more synchronous the electrical repolar-
ization (i.e., the lower the RT dispersion), the faster the relaxation,
and the greater dP/dtmin. Ashikaga et al. (2007) and Zhu et al. (2009)
have shown that the relaxation process on the transmural axis of
the ventricular wall is associated with the transmural repolariza-
tion sequence, and the present study demonstrated the negative
correlation between the RT dispersion and the relaxation velocity
on thewhole-heart scale. The similar correlation between dP/dtmin
and the ARI dispersion possibly indirectly reﬂects the close
relationship between the global ARI distribution and RT pat-
tern (Vaykshnorayte et al. 2011).
In contrast, the reason for the negative correlation between the
dispersion of repolarization and dP/dtmax is unclear. On the one
hand, the dispersion of ARIs could correspond to the extent of
the synchronicity/dys-synchronicity of the contractile process,
and dys-synchronous contraction could hamper pressure genera-
tion by the LV. On the other hand, dP/dtmax is observed during the
isovolumic contraction phase, which is largely dependent on the
activation sequence and not the repolarization duration pattern.
Table 5. The correlation coefﬁcients between the indices of pump function and the
variables for dispersion of repolarization from Chinchilla rabbits.
ARI dispersion RT dispersion
dP/dtmax dP/dtmin dP/dtmax dP/dtmin
Control (n = 11)
−0.085, P = 0.815 −0.376, P = 0.284 −0.049, P = 0.894 0.019, P = 0.957
DM (n = 12)
−0.817, P = 0.002 −0.726, P = 0.011 −0.776, P = 0.005 −0.795, P = 0.003
Note:ARI, activation−recovery interval; DM, diabetesmellitus; RT, end of repolarization time.
P values identify for the signiﬁcance of correlation.
Fig. 3. The changes in the limb lead ECG parameters in the healthy
and diabetic rabbits at 5 min of systolic overload. (A and B) Changes
in the median for QRS and QTc durations, respectively.
(C) Representative II limb lead ECGs in the control and DM
Chinchilla rabbits in the baseline (solid lines) and overload (broken
lines) states. QRS, QRS complex; QTc, corrected QT interval;
DM, diabetes mellitus.
Fig. 4. The representative ventricular epicardial isochronal maps of
the ATs (A), ARI distribution (B), and RTs (C) in healthy and diabetic
Chinchilla rabbits at 5 min of aortic banding. The presentation of
the data is the same as in Fig. 2. The difference bars and P values
show the statistically signiﬁcant interventricular and left ventricular
apicobasal differences in RTs found in the control, but not in the
diabetic group (C, left). ARI, activation–recovery interval;
AT, activation time; RT, end of repolarization time.
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However, we did not observe any DM-induced alterations in the
activation process one month after alloxan treatment, which
could have been expected at the prolonged follow-up (Stables
et al. 2014). Additionally, a deﬁnite extent of the activation asyn-
chrony and the heterogeneity of electrical and mechanical prop-
erties is required for the optimal contractile function of the heart
(Markhasin et al. 2012).
A relationship between the contractile properties (dP/dtmax) and
the repolarization durationmight have been expected (Chen et al.
2014). However, no such correlations were found between dP/dt
and ARI duration (mean, maximal, and minimal) or with QT du-
ration and heart rate, but only between dP/dt and repolarization
dispersions. These ﬁndings could be ascribed to the relatively
early stage of DM, which did not result in the statistically signiﬁ-
cant overall prolongation of ARIs in the diabetic animals, but only
caused the development of new ventricular repolarization gradi-
ents and, hence, the speciﬁc spatiotemporal organization of the
repolarization patterns.
The negative correlation between dP/dt and the dispersion of
repolarization may be explained as follows. The primary myocar-
dial DM-related inotropic deterioration induced the prolongation
of action potential duration (Zhang et al. 2006, 2007; Lengyel et al.
2008) in an attempt to maintain calcium balance and contractile
properties, which is an effect similar to that in heart failure (Michael
et al. 2009). The worse the pump function and the lower the
dP/dtmax, the greater the degree of electrical remodeling that is
manifested in a heterogeneous manner, predominantly in the
apical portions of the ventricles. Such a pattern of electrical re-
modeling resulted in the development of the speciﬁc diabetic
pattern of repolarization timing, primarily ARIs and secondarily
RTs, with the latter, in turn, affecting the relaxation process esti-
mated using dP/dtmin.
Mechanical stimulation is known to induce malignant ventric-
ular arrhythmias, with reentry serving as amajor arrhythmogenic
mechanism leading to VT/VF (Reiter et al. 1988; Quinn 2014), and
the nonuniform repolarization may lead to the increased suscep-
Fig. 5. The overload-induced changes in ARIs and RTs (medians) in the apical and basal regions of the ventricular epicardium of the control
and diabetic Chinchilla rabbits. ARI, activation–recovery interval; DM, diabetes mellitus; RT, end of repolarization time.
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tibility to ventricular arrhythmias (Osadchii 2012) through the
development of a unidirectional conduction block. Here, we could
not directly estimate the mechanically induced after-depolarizations;
however, this factor is considered mainly as a triggering event for
VT or VF (Quinn 2014), which still requires an appropriate anatom-
ical and functional substrate to ensure the sustained reentrant
arrhythmias. In our pressure overload test, the diabetic hearts did
not demonstrate increased susceptibility to VF, possibly due to
the fact that during the aortic banding the diabetic hearts under-
went proarrhythmic activation changes and antiarrhythmic repo-
larization changes in comparison with the controls.
Indeed, in the diabetic hearts the essential collagen deposits
and QRS prolongation implied the development of the conditions
for the activation wave slowing and circle spread. On the other
hand, the pressure overload led to the shortening of repolariza-
tion duration, predominantly in the apical area. This response has
been previously shown to be more pronounced under conditions of
autonomic blockade (Sedova et al. 2011). Autonomic neuropathy is
typical with DM and, moreover, is responsible for the relative
prolongation of repolarization at the apex in the baseline condi-
tions (Ovechkin et al. 2014). Therefore, it is expected that the
overload-induced shortening of repolarization in the apical area
would be more expressed in the diabetic animals and would com-
pensate for the relative prolongation of repolarization in the very
apical area in baseline. This effect could possibly render anti-
arrhythmic properties for the diabetic hearts, whereas the predom-
inant repolarization shortening in the apical area of the healthy
myocardium resulted in the development of the apicobasal and in-
terventricular RT gradients, thereby increasing the heterogeneity of
repolarization.
Limitations of the study
In this study, we found a functional association between the
repolarization dispersion and the pump function in the rabbits
with DM. However, the direct mechanism of this association and
its consequences were not addressed directly. Some factors poten-
tially contributing to this relation were not quantitated, such as
the extent of ﬁbrotic changes or tissue metabolic derangements
Fig. 6. The overload-induced changes in ARIs and RTs (medians) in the left (LV) and right (RV) ventricular lateral free walls of the control and
diabetic Chinchilla rabbits. ARI, activation–recovery interval; DM, diabetes mellitus; RT, end of repolarization time.
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in the diabetic myocardium. Presuming that the autonomic dys-
function plays a signiﬁcant role in electrophysiological remod-
eling, the present experiments were conducted in situ in the
open-chest rabbits to preserve the contribution of innervation
affected under DM. However, the conditions of the autonomic
system in the setting of this study were deﬁnitely modiﬁed by the
anesthesia, which should be taken into account. Similarly, the
cardiac electrophysiological parameters are also subject to the in-
ﬂuences from the anesthetic agents. In spite of the fact that the
mechanical stress has long been recognized as a proarrhythmic
factor (Babuty and Lab 2001), the present model did not provide
us with a signiﬁcant number of VT/VFs, suggesting that the
arrhythmogenic impact was rather weak, and that the estimate
for proarrhythmic/antiarrhythmic properties may be different in
the more severe interventions.
Conclusions
This study demonstrated that the DM-related spatiotemporal
pattern of ventricular repolarization, speciﬁcally basoapical and
interventricular repolarization duration gradients, is associated
with inotropic and lusitropic impairment.
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